Chemical evolution along the circumnuclear ring of M83 by Harada, Nanase et al.
Draft version September 5, 2019
Typeset using LATEX twocolumn style in AASTeX61
CHEMICAL EVOLUTION ALONG THE CIRCUMNUCLEAR RING OF M83
Nanase Harada,1 Kazushi Sakamoto,1 Sergio Mart´ın,2, 3 Yoshimasa Watanabe,4, 5, 6 Rebeca Aladro,7
Denise Riquelme,7 and Akihiko Hirota8, 3
1Institute of Astronomy and Astrophysics, Academia Sinica, 11F of AS/NTU Astronomy-Mathematics Building, No.1, Sec. 4, Roosevelt
Rd, Taipei 10617, Taiwan, R.O.C.
2European Southern Observatory, Alonso de Co´rdova 3107, Vitacura, Santiago, Chile
3Joint ALMA Observatory, Alonso de Co´rdova 3107, Vitacura, Santiago, Chile
4Faculty of Pure and Applied Sciences, University of Tsukuba, 1-1-1, Tennodai, Tsukuba, Ibaraki 305-8577, Japan
5Tomonaga Center for the History of the Universe, University of Tsukuba, 1-1-1 Tennodai,Tsukuba, Ibaraki 305-8571, Japan
6College of Engineering, Nihon University, 1 Nakagawara, Tokusada, Tamuramachi, Koriyama, Fukushima 963-8642, Japan
7Max Planck Institute for Radio Astronomy, Auf dem Hu¨gel 69, D-53121 Bonn, Germany
8Chile Observatory, National Astronomical Observatory of Japan, Santiago, Chile
(Received May 4, 2019; Accepted September 3, 2019)
Submitted to ApJ
ABSTRACT
We report an astrochemical study on the evolution of interstellar molecular clouds and consequent star formation in
the center of the barred spiral galaxy M83. We used the Atacama Large Millimeter/submillimeter Array (ALMA) to
image molecular species indicative of shocks (SiO, CH3OH), dense cores (N2H
+), and photodissociation regions (CN
and CCH), as well as a radio recombination line (H41α) tracing active star-forming regions. M83 has a circumnuclear
gas ring that is joined at two areas by gas streams from the leading-edge gas lanes on the bar. We found elevated
abundances of the shock and dense-core tracers in one of the orbit-intersecting areas, and found peaks of CN and
H41α downstream. At the other orbit-intersection area, we found similar enhancement of the shock tracers, but less
variation of other tracers, and no sign of active star formation in the stream. We propose that the observed chemical
variation or lack of it is due to the presence or absence of collision-induced evolution of molecular clouds and induced
star formation. This work presents the most clear case of the chemical evolution in the circumnuclear rings of barred
galaxies, thanks to the ALMA resolution and sensitivity.
Keywords: galaxies: individual(M83) – ISM: abundances – ISM: clouds – astrochemistry – ISM:
molecules – galaxies: star formation
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1. INTRODUCTION
1.1. Astrochemistry and properties of the interstellar
medium
The chemical composition of a molecular cloud is a
sensitive probe of its physical conditions. The abun-
dances of various molecules in Galactic star-forming
cores are known to evolve with the stages of star for-
mation (Caselli & Ceccarelli 2012). The chemistry of
a molecular cloud also reflects its environments such as
the strong UV radiation (e.g., Hollenbach & Tielens
1997) or shocks (e.g., Hollenbach & McKee 1979).
The diagnostic power of astrochemistry can also be
applied to a collection of molecular clouds in external
galaxies. For example, galaxies with extreme starburst
or nuclear activities are expected to have chemical com-
positions distinct from that in our Galaxy. To study
the characteristic chemical compositions in such galax-
ies, spectral scan observations have been conducted in
various types of galaxies both with single-dish telescopes
and interferometers (Meier & Turner 2005; Mart´ın et al.
2006b; Aladro et al. 2015; Takano et al. 2019). While
single-dish studies have been useful identifying molec-
ular species whose galaxy-wide abundances change ac-
cording to the types of galaxies, spatially-resolved in-
terferometric observations should better highlight the
chemistry in regions with most extreme physical condi-
tions. Thanks to the high sensitivity and angular resolu-
tion of Atacama Large Millimeter/sub-millimeter Array
(ALMA), such astrochemical studies have become prac-
tical for various types of galaxies. In particular, rela-
tionship between the galactic structures and the chem-
istry within galactic center regions has been revealed in
multi-species astrochemical observations using ALMA
(e.g., Takano et al. 2014; Nakajima et al. 2015; Mart´ın
et al. 2015; Meier et al. 2015).
With spatially-resolved astrochemistry in an external
galaxy, one can effectively study the time evolution of
the chemical and physical properties of the interstellar
medium (ISM) in response to large-scale gas dynamics.
This is because a spatial variation of gas properties in
a gas flow can be interpreted as a time evolution of the
ISM in the flow.
1.2. Galactic gas dynamics and ISM evolution
A galactic center often hosts a significant fraction of
star formation in the galaxy, and the gas supply neces-
sary for the star formation is closely related to galactic
gas dynamics. In a barred spiral galaxy, the interstellar
gas can efficiently flow into the central region because
of the shocks on the bar and gravitational torque on the
gas in the bar (Sorensen et al. 1976; Matsuda & Nel-
son 1977; Combes & Gerin 1985). Consequently, barred
galaxies tend to have higher concentration of molecular
gas to their centers (Sakamoto et al. 1999), and higher
star formation activities at the galactic centers (Ho et al.
1997). The outline of the relevant gas dynamics is illus-
trated in Figure 1. The gas in the bar is, outside the
central region, on the so-called x1 orbits elongated along
the bar (Figure 1 left). The leading-edge gas lanes fre-
quently seen in galactic bars are on these orbits. Near
the center of the bar, there is often a ring-like structure
on the so-called x2 orbits. This structure is sometimes
referred to as the (circum-)nuclear ring (Comero´n et al.
2010, see Figure 1 right). Simulations have shown that a
circumnuclear ring connected to the leading-edge lanes
on the bar naturally result from the non-axisymmetric
gravitational potential (Athanassoula 1992). When the
gas flows from the bar through the leading-edge lanes
into the circumnuclear ring, collisions between molecu-
lar clouds on the x1 and x2 orbits should frequently oc-
cur at the accumulation points near orbit intersections.
These collisions can unleash star formation events.
Molecular cloud collisions have been proposed as a
possible mechanism to trigger star formation (Elmegreen
1998). There are many pieces of observational evidence
pointing to cloud collisions promoting formation of mas-
sive stars in the Galactic spiral-arm regions (e.g., Fu-
rukawa et al. 2009; Torii et al. 2011; Fukui et al. 2014;
Torii et al. 2015; Fukui et al. 2018) and the Galactic Cen-
ter clouds (Tsuboi et al. 2015). Magneto-hydrodynamic
simulations have also confirmed that collisions can trig-
ger massive star formation (Inoue et al. 2018). While
observations of collision-induced star formation in the
Galaxy provide detailed views of individual collision
sites, they provide the information only at the current
state of those objects. In contrast, nearby galaxies,
especially face-on galaxies, provide an ideal setting to
study time evolution of the ISM through cloud collisions
as spatial variation along the gas orbits.
Collision-induced star formation at the orbit intersec-
tion can appear in the form of gradients in stellar ages.
Bo¨ker et al. (2008) proposed that two possible modes of
star formation in circumuclear rings can cause different
distributions of stellar ages. One mode is caused by the
gravitational collapse of molecular clouds after certain
densities are reached in circumnuclear rings (Elmegreen
1994). In this scenario, there is no dependence of star
formation on the azimuthal angle on the circumnuclear
ring, and stellar clusters with a wide range of ages should
be randomly located. Another scenario is that the star
formation is triggered by the collision between the gas on
the bar orbit and the gas on the circumnuclear ring. In
this mode, young star clusters should preferentially ex-
ist at the orbit intersections, and there should an stellar
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age gradient along the stream. In the sample of Bo¨ker
et al. (2008), three out of five galaxies showed such an
age gradient. In a larger sample, Mazzuca et al. (2008)
found that such an age gradient is present in about a half
of their sample of 20 barred galaxies with circumnuclear
rings.
The interaction of the gas on the circumnuclear ring
and on the bar is also expected to alter the properties of
the ISM. Kohno et al. (1999) found that the HCN/CO
ratio, commonly used as a proxy of the fraction of dense
molecular gas, is higher slightly downstream from the or-
bit intersection in NGC 6951. Even further downstream,
there is an Hα peak indicating active star formation. Al-
though the higher-resolution follow up study by Krips
et al. (2007) showed weaker enhancement of HCN/CO
than in Kohno et al. (1999), there still was the general
trend of higher HCN/CO downstream although Krips
et al. (2007) interpreted those enhancements to be ran-
dom and unrelated to the orbits. Such a change in the
ISM properties was found also in NGC 7552 with higher
HCN/CO observed at the orbit intersections (Pan et al.
2013). On the other hand, the excitation conditions of
the molecular gas are not observed to change at the or-
bit intersection in the case of NGC 1097 (Hsieh et al.
2011).
1.3. Previous astrochemical studies in the
circumnuclear rings and this work
Since the chemical composition is sensitive to various
ISM conditions, the astrochemical approach using many
species can better probe the ISM evolution in the cir-
cumnuclear rings of galaxies compared to the approach
using a small number of line ratios. Such an astrochem-
ical study was first conducted by Meier & Turner (2005)
in the center of the barred spiral galaxy IC 342. They
observed eight molecules (C2H, C
34S, N2H
+, CH3OH,
HNCO, HNC, HC3N, and SO) in IC 342 using the
Owens Valley Millimeter Array, and showed that var-
ious molecular species peak at different locations. They
proposed that shock tracers, CH3OH and HNCO, are en-
hanced at locations of shocks at the intersections of the
circumnuclear ring and the bar leading-edge gas lanes,
that N2H
+ traces the overall dense gas, and that a pho-
todissociation region (PDR) tracer C2H is enhanced at
locations with high star formation rate at the center of
the nuclear ring.
It is worthwhile to follow up the astrochemical vari-
ation along the circumnuclear ring with the much im-
proved sensitivity and resolution of ALMA. To study
the variation of molecular composition caused by the
galactic structure and dynamics, M83 provides an ex-
cellent laboratory due to its proximity (d ∼ 4.5 Mpc
(1′′ = 22 pc); Thim et al. 2003), accessibility to ALMA,
its face-on configuration, and presence of a circumnu-
clear ring. It is a barred spiral galaxy with the mor-
phological type of SAB(s)c (de Vaucouleurs et al. 1991).
The galactic bar has the length of 200′′ (4.4 kpc) on the
sky as seen from the 3.6µm image in Figure 1 (left), and
the structures of spiral arms are also clearly seen there.
Such structures have also been seen with CO(J = 1−0)
observations (Lundgren et al. 2004b; Hirota et al. 2014)
to trace molecular gas. At the center, there is a circum-
nuclear ring with the size of 12-16′′ on the sky (260-350
pc) as shown in Figure 1 (right).
In this paper, we report the first spatially resolved, in-
terferometric astrochemical study in the central region
of M83 using ALMA observations. Using astrochemical
tracers, we study changes in the ISM properties most
likely due to collisions of molecular clouds at the orbit
intersections of the bar leading edge and the circum-
nuclear ring. The observed changes suggest eventual
collision-induced star formation. The organization of
this paper goes as follows. In Section 2, we summarize
our observations and analysis method. Next, our re-
sults are summarized in Section 3 to show the chemical
variation along the circumnuclear ring. We propose an
explanation for such chemical variation as well as other
possible scenarios in Section 4. Finally, a summary is
given in Section 5.
2. OBSERVATIONS AND DATA REDUCTION
Our observations covering six tunings were conducted
during ALMA cycle 4 using both the 12-m array and the
7-m array (project code: 2016.1.00164.S; PI: Harada).
We targeted the entire circumnuclear ring, and we mo-
saicked the area of 25′′×25′′ (see Figure 1 left) for Band
6 and Band 7, whose primary beam sizes are smaller
than our targeted area. We supplemented our data
with ALMA archival data 2012.1.00762.S (PI: Hirota)
for CN(N = 1 − 0) and 2015.1.01177.S (PI: Longmore)
for CCH(N = 1 − 0) and SiO(2 − 1) lines. The for-
mer obervations included the 7-m array while the latter
only had the 12-m array. The observational parame-
ters are summarized in Table 1. The data cubes from
2012.1.00762.S were created in the data reduction pro-
cedure described in Hirota et al. (2018), and smoothed
to the velocity resolution of 10.6 km s−1. The data of
2016.1.00164.S and 2015.1.01177.S were reduced with
the following processes. Measurement sets were cali-
brated with the CASA pipeline versions 4.6, 4.7 or 4.7.2.
Imaging was conducted with CASA version 5.4 using the
task tclean, and the imaging parameters used for indi-
vidual lines are listed in Table 2. All the cubes were
smoothed to 10 km s−1 resolution except for CN(1-0)
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lines smoothed to 10.6 km s−1. Missing flux was as-
sessed for the lines in Band 3 by comparing our line
fluxes with those from the IRAM 30-meter line survey
in the 3-mm band by Aladro et al. (2015). The flux re-
covery rates are shown in Table 2. Most lines have the
flux recovery rates higher than 70 % except for CH3CCH
(63 %) and HNCO (65 %). The missing flux is likely in-
significant in our analysis because we analyze molecular
emission at relatively compact peaks. The maximum
recoverable scale is at least 16′′ in our Band 7 observa-
tions, and this UV coverage should be enough for our
target molecules (See also Table 1 for the UV range and
baseline lengths). The absolute flux calibration is ac-
curate to 5 % for ALMA Bands 3, 6, and 7, and to
10 % at IRAM 30m, and their errors also contribute to
the discrepancy between their flux measurements. No
single-dish flux was available to evaluate missing flux
for the Band 6 and 7.
3. RESULTS
3.1. Molecular emission and kinematics
Figure 1 (right) shows the overall molecular gas dis-
tribution in the central kpc of M83 in the velocity-
integrated map of 13CO(J = 1 − 0). Positions used
for our molecular abundance analysis in Section 3.3 are
shown as circles. A circumnuclear ring is clearly seen
in this molecular emission (the structure connecting po-
sitions N2-5 and S3-5). The distribution of 13CO(J =
1−0) is similar to the ones already shown for 12CO(J =
2 − 1) (Sakamoto et al. 2004) and 12CO(J = 1 − 0)
(Egusa et al. 2018; Hirota et al. 2018). Previous kine-
matic studies based on large-scale observations showed
that the gas is flowing from the bar into the circumnu-
clear ring from the northeast and southwest directions
(Lundgren et al. 2004a; Hirota et al. 2014). Positions
following the gas flow from the northeast direction are
labeled as N# where # is a number starting from up-
stream (N1-N5; northeastern stream hereafter), and the
gas flow from the southwest direction are shown as S#
(southwestern stream hereafter; S1-S5).
In addition to the positions in the circumnuclear ring,
we analyze two nuclear positions. The position of the
optical nucleus measured by Gallais et al. (1991) is indi-
cated as C1, and it is about 3′′ offset from the center of
symmetry (e.g., Thatte et al. 2000; Houghton & Thatte
2008). Another peak of molecular mass concentration is
indicated as C2. The coordinates of the analyzed posi-
tions are listed in Table 3.
The rotation of the circumnuclear ring is well-traced
in the moment 1 map (Figure 2 left). The velocity dis-
persion shown in the moment 2 map (Figure 2 right)
increases from < 10 km s−1 in the bar to ∼ 20 km s−1
when entering into the circumnuclear ring at N1 and
S1, likely showing the effect of crowding at orbit inter-
sections leading to cloud collisions. There are two peaks
of velocity dispersion with σ ∼ 40 km s−1; one is near
C1, and the other is a position between C2, N2, and N3.
The first peak is caused by the motion near the optical
nucleus, while the second peak is likely due to double
velocity peaks on the line of sight. These double veloc-
ity peaks may indicate either two colliding clouds or two
clouds that happen to be in the same line of sight, and
it is difficult to distinguish between them.
3.2. Spatial variation of molecular emission
We start from examining the spatial variation of the
chemistry with the ratio maps of velocity-integrated
intensities in Figure 3. All these ratio maps used
13CO(1 − 0) as the denominator, and were created in
the following way. We first made the velocity-integrated
intensity maps (moment 0 maps) shown and described
in Appendix A. The two images for each ratio map were
next convolved to the largest beam among the two im-
ages. The image division for ratio was then performed
after applying a cutoff at 6σ and correction for the pri-
mary beam to each convolved image.
It is evident from Figure 3 that the distribution of
emission vary among different molecular species. Al-
though the C18O(1 − 0)/13CO(1 − 0) ratio is almost
constant throughout the central region of M83 within
a factor of 1.6, intensity ratios of some other transitions
over 13CO(1− 0) have noticable spatial variation.
On the flow coming from the northeast direction (po-
sitions N1-5), the CH3OH (2k − 1k)/13CO(1 − 0) ratio
has a strong peak at position N1, and the HNCO(50,5−
40,4)/
13CO(1 − 0) ratio is enhanced at N1 and N2.
Shocks are able to enhance the gas-phase CH3OH by
sputtering off the ice on grains (e.g., Flower & Pineau
des Foreˆts 2012). Enhanced CH3OH emission in the
large scale is likely to be caused by shocks, because the
other mechanism to enhance CH3OH, thermal evapo-
ration from protostellar cores, can only act in sub-pc
scale (e.g., Meier & Turner 2005; Mart´ın et al. 2006a;
Requena-Torres et al. 2006; Harada et al. 2018). HNCO
also has a fast formation route on the grain surface, and
its abundance is observationally and theoretically shown
to be enhanced in shocked regions (Zinchenko et al.
2000; Mart´ın et al. 2008, 2009; Kelly et al. 2017). This
N1 position is where the velocity dispersion increases as
the gas flows from the bar into the circumnuclear ring,
and frequent shocks are expected around there.
The N2H
+(1− 0)/13CO(1− 0) ratio is also enhanced
at N1. Galactic large-scale observations show that
N2H
+ traces dense cores, even better than conventional
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“dense-gas tracers” such as HCN and HCO+ do (Pety
et al. 2017; Kauffmann et al. 2017; Watanabe et al. 2017;
Harada et al. 2019) because HCN and HCO+ can be
sub-thermally excited when they are optically thick. An-
other explanation is that species such as HCN, HCO+,
and CS can be excited by collisions with electrons (Liszt
& Pety 2016; Goldsmith & Kauffmann 2017). On the
other hand, N2H
+ abundance is theoretically known to
increase in the dense environment without the strong
influence of UV photons in the model of a collapsing
prestellar core (Aikawa et al. 2001). If shocks due to
molecular cloud collisions compress gas, this compres-
sion increases the dense gas fraction, and can explain
the variation of N2H
+(1− 0).
The ratio of CCH(13/2 − 01/2) over 13CO(1 − 0)
does not vary significantly along N1-5 although there
is a very slight enhancement at N2 and N3. The
CS(2− 1)/13CO(1− 0) ratio does not vary significantly
either, except for the enhancement at N2. Ethynyl radi-
cal (CCH) is thought to be a tracer of PDRs (Pety et al.
2005; Beuther et al. 2008; Mart´ın et al. 2014). CS(2−1)
emission should be rather ubiquitous, but CS emission
should come more from relatively denser regions than
13CO(1 − 0) emission does, due to the higher critical
density although excitation from collision with electrons
can also contribute if the electron fraction is high.
In the gas flow from the southwestern direction, lines
that are enhanced at N1 or N2 with respect to 13CO(1−
0) such as CH3OH (2k − 1k), HNCO(50,5 − 40,4), and
N2H
+(1 − 0), have peaks at S2. Other lines such as
CCH(13/2 − 01/2) and CS(2 − 1) do not change signif-
icantly with respect to 13CO(1 − 0). As for the cen-
tral positions, the CCH(13/2 − 01/2)/13CO(1 − 0) and
CS(2 − 1)/13CO(1 − 0) ratios are enhanced around the
optical nucleus (C1). This enhancement may be caused
by the lower optical depth of CCH and CS due to the
higher velocity dispersion around C1. Because the C1
position is not close to prominent star clusters, enhance-
ment due to PDRs is unlikely.
3.3. Molecular abundances
We derived column densities of species by fitting
the spectra at our twelve sampling positions under
the assumption of the local thermodynamic equilibrium
(LTE). We used the MADCUBA software (S. Mart´ın et
al., 2019, submitted)1 that accounts for the line opti-
cal depths and returns column densities and excitation
temperatures for the fitted molecules. This analysis used
data cubes convolved to 2.8′′ (62 pc), which is the lowest
resolution in our data. While at least two transitions for
1 http://cab.inta-csic.es/madcuba/Portada.html
a species are needed to derive the excitation temperature
together with the column density, some species satisfied
this condition only at some of our sampling positions.
We therefore assumed the following excitation temper-
atures at positions where only a single transition was
detected for each species: CS: 8 ± 2 K, CCH: 3.5 ± 1.5
K, N2H
+: 6± 1 K, H2CO: 20± 10 K, HC3N: 15± 10 K,
CH3CCH: 20±10 K. These temperatures are from posi-
tions with successful Tex fitting, and we assumed them
to have fixed ranges because excitation temperatures did
not vary significantly among positions for species with
multiple transitions detected at all positions. For C17O,
we only observed J = 2 − 1 in our settings, and as-
sumed its excitation temperature to be similar to those
of C18O and 13CO at each position. If a species has both
ortho and para states such as H2CO, we used the ortho-
to-para ratio of 3, which is the value of the statistical
weight. This ortho-to-para ratio is achieved when the
thermal equilibrium is achieved and the temperature is
high compared with the energy differences between or-
tho and para states. This assumption of ortho-to-para
ratio is justified in the warm environment of our obser-
vations, a galactic center in a starburst galaxy.
The upper panel of Figure 5 shows the column density
ratios of selected species over 13CO for positions in the
northeastern stream (N1-5), the southwestern stream
(S1-5), and central positions (C1-2). The lower panel
shows the same values normalized to N3. For simplicity,
we refer to the column density ratios as fractional abun-
dances2, assuming that the 13CO fractional abundance
does not vary among positions.
For the northeastern stream (N1-N5), the change in
fractional abundances from N1 can be categorized into
monotonic increase, no change, or decrease along the
stream. Most species decrease in fractional abundances
such as CH3OH, N2H
+, and HC3N. The largest change
from the upstream to the downstream is seen in CH3OH,
and it is by a factor of ∼ 10 while the change is only a
factor of ∼ 2 for N2H+. The fractional abundances of
C2H, CS, CH3CCH, and H2CO show little change along
the northeastern stream except at N5, where H2CO is
about 3 times less abundant than that at other posi-
tions. The fractional abundance of CN is the lowest at
N1, ∼ 4 times higher at N2, and stays constant further
downstream.
In contrast to the northeastern stream, most of the
species in the southwestern stream (S1-S5) do not show
simple monotonic increase or decrease in fractional
abundances; they rather fluctuate within the stream.
2 Fractional abundances are defined as ratios of densities of
certain species per unit volume over molecular hydrogen density.
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An exception is CH3OH, whose fractional abundance
monotonically decreases along the southwestern stream
as it does in the northeastern stream.
The two peaks in the central region C1 and C2 show
little difference from other positions in their chemical
compositions. Exceptions are C1 and C2 having higher
CN fractional abundances compared with the peaks in
the northeastern and southwestern streams, and C2 hav-
ing the highest CH3CCH fractional abundances among
all positions.
Our derived excitation temperatures are shown in Fig-
ure 7. For most species, the excitation temperatures
do not vary significantly from position to position, and
hence intensity ratios are relatively good measures of
column density ratios of our observed molecules. De-
spite the invariance between positions, there are differ-
ences of excitation temperatures between species. Such
variations have also been reported in other external
galaxies (e.g., Mart´ın et al. 2006b; Aladro et al. 2011;
Nakajima et al. 2018) This variation between species is
likely because each species emit from different compo-
nents within the observed beam. Exact values of column
densities derived from our results are listed in Tables 4
- 6.
3.4. Intensity ratios
We also analyzed species with only one transition in
our observations and a radio recombination line H41α
for their variation among our twelve positions in inten-
sity ratios with respect to 13CO(1− 0). Figure 6 shows
the ratios and ratios normalized to the values at N3,
all for the 2.8′′ resolution. HNC does not show evi-
dent spatial variation except for lower fractional abun-
dances in the downstream (N5 and S5) by a factor of a
few. The variation of CH3CN fractional abundance is
not evident either because there are non-detections in
some positions. Meanwhile, SiO and H41α show hints
of spatial variation. I(SiO)/I(13CO) is more than a fac-
tor of 3 higher at N1 than at N3. When comparing
S1 and S3, the enhancement of I(SiO)/I(13CO) at the
upper stream, i.e., S1, is less obvious. SiO is known
to be formed when Si is ejected from grains because of
fast shocks (Martin-Pintado et al. 1992; Gusdorf et al.
2008; Flower & Pineau des Foreˆts 2012), and this vari-
ation may be caused by the difference in the frequency
of strong shocks.
It is not straightforward to interpret the variation of
H41α intensity ratios because H41α is detected only at
N2 and N3 and we could only get high upper limits for
some of other positions. Yet, the difference between the
northeastern stream and southwestern stream can be
highlighted by the difference between N3 and S3, the lo-
cations with the highest 13CO column densities in each
stream. The intensity ratio I(H41α)/I(13CO) is more
than a factor of 3 higher at N3 than at S3, with only an
upper limit obtained at S3. Radio recombination lines
from ionized gas trace high-mass star formation. There-
fore, this difference suggests a higher star formation rate
and a higher star formation efficiency in the northeast-
ern stream than in the southwestern stream. Observed
intensities in the analyzed positions are listed in Table
7.
4. DISCUSSION
4.1. A scenario proposed for the chemical variation in
the northeastern stream
The chemical variation we reported in Sections 3.2 -
3.4 is as follows. At the upstream positions N1 and N2,
CH3OH fractional abundance and the intensity ratio of
SiO/13CO are higher than at other positions. These
species are known to be enhanced with shocks. The
fractional abundance of N2H
+ is also elevated at N1
and N2. It is known that the N2H
+ fractional abun-
dance is enhanced in dense regions. On the other hand,
the CN fractional abundance increases from N1 to N2 by
about a factor of 3, and stay at similar values towards
downstream, while CCH fractional abundance does not
change along the northeastern stream. Similar to CCH,
CN is known to be a PDR tracer (Fuente et al. 1993).
The hydrogen recombination line H41α is clearly de-
tected around N2 and N3 although there is no detection
at other positions.
Here we note that the changes in derived fractional
abundances or intensity may correspond to changes in
the fraction of the gas that are shocked, dense, or UV-
irradiated within the beam.
From the variation observed in the northeastern
stream, we propose the following scenario (Figure 8).
N1 is the entering point of the gas from the bar or-
bit into the circumnuclear ring, dominated by frequent
hydrodynamical shocks. These shocks can explain the
increase of CH3OH abundance and SiO intensity at N1
and N2. At these positions, N1 and N2, the velocity
dispersion is slightly higher (∼ 15 km s−1) than to the
north of N1 (vdisp < 10 km s
−1). This is consistent
with our inference that there must be shocks at these
positions. These shocks must also have increased the
fractional abundance of N2H
+ because the compression
of colliding molecular clouds should increase the gas
density. This downstream compression may explain the
active star formation between N2 and N3 seen in H41α
(Figure 5). The increase of CN fractional abundance
downstream agrees with the higher star formation rate
at N2 and N3, but the invariance of the CCH frac-
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tional abundance along the stream cannot be explained
if the CCH fractional abundance directly reflects the
strength of the interstellar radiation field. There are
various claims how the CCH abundance depends on the
UV-radiation strength. Meier & Turner (2005) found
in the circumnuclear ring of IC 342 that CCH peaks do
not coincide with young (∼ a few Myr old) star-forming
regions in two of the giant moelcular clouds on the
ring. They deduced that the effect of the still embedded
young stars are too localized and minimized to have
CCH peaks. Model calculations by Aladro et al. (2013)
showed that CCH abundance is rather insensitive to the
UV field. On the other hand, results by Mart´ın et al.
(2014) seem to show CCH enhancement over HCN,
HCO+, and HNC due to young star formation in an
isolated star-forming galaxy in CIG 638.
4.2. Timescales of collision-induced star formation
4.2.1. Orbital timescale
For the proposed scenario of collision-induced star for-
mation to be plausible, the timescale of the gas moving
from N1 to N3 should be reasonable for star formation
to take place. The timescale can be estimated from the
orbital timescale and the positional offset between N1
and N3. We estimated the orbital timescale for a gas
cloud to go around once on the circumnuclear ring as
follows. The difference between the maximum line-of-
sight velocity on the circumnuclear ring and the mean
line-of-sight velocity of the ring vlos is estimated to be
70±10 km s−1 on our moment 1 map. With the inclina-
tion angle of 24◦(Comte 1981), the unprojected velocity
v = vlos/sin(24
◦) is 172±25 km s−1. From our molecular
emission map, the radius of the circumnuclear ring R is
estimated to be 250±25 pc. The angular velocity of the
gas in the circumnuclear ring Ω is Ω = v/R = 690± 120
km s−1 kpc−1. Because the pattern speed of the bar Ωp
is 57± 3 km s−1 kpc−1 (Hirota et al. 2014), the angular
speed of a cloud in the circumnuclear ring with respect
to the ring structure is Ω−Ωp = 630±120 km s−1 kpc−1.
The orbital period τ is obtained as τ = 2piΩ−Ωp = 10± 2
Myr. This orbital period means that it only takes a few
Myr for a cloud to travel from the initial shock at N1 to
star formation at N3.
4.2.2. Collision timescale
If star formation is triggered at the orbit intersection
through cloud collisions, the collision timescale plus the
star formation timescale should be as short as a few Myr
for our proposed scenario viable. The collision timescale
of molecular clouds in spiral arm regions is estimated to
be 8-10 Myr (Dobbs et al. 2015). However, we expect
the collision timescale to be much shorter in the area
of our observations because it is at the galactic center
region with much higher number density of molecular
clouds, and because the orbit intersection increases the
chance of collision.
An order-of-magnitude estimation of the timescale of
collisions can be made by considering the mean free path
and the velocity (or velocity dispersion) of molecular
clouds. The mean free path of a cloud is l = 1nclσ where
l is the mean free path, ncl is the number density of
the collision partner, and σ is the cross section of the
collision partner. Then, the timescale of the collision
is t ∼ 1nclσv where v is the velocity of the cloud with
respect to the collision partner. After the calculation
described in Appendix C, we obtain
t ∼ 1.6 Myr
(
Rcl
20 pc
)−2(
Mcl
1.5× 105M
)( v
20 km s−1
)−1
,
(1)
where Rcl and Mcl are the radius and the mass of a
giant molecular cloud (GMC), respectively. Here we as-
sume the mass and the radius of a GMC to be that of
typical Galactic GMCs (Heyer et al. 2009; Leroy et al.
2015). This derived value of collision timescale is only
a small fraction (∼ 16%) of the orbit timescale. Those
frequent inelastic collisions can reduce the velocity dis-
persion within the stream, and the collision frequency
gradually decreases. The change in collision frequency
can reduce the fractional abundances of shock tracers as
discussed below.
4.2.3. Timescale of chemical variation
We find that fractional abundances of shock tracers
vary gradually along the orbit. Here we discuss how
this gradual change is caused considering the timescale
of chemical and physical processes. The timescale of
CH3OH and SiO to freeze onto dust grains is ∼ 109/n
yr, relatively short for moderately dense gas (. 105 yr
for n & 104 cm−3) (Caselli et al. 1999). Because the
orbital timescale of the circumnuclear ring is around 10
Myr, its size is around 500 pc in diameter, and our an-
gular resolution is in the order of 10 pc, we should ob-
serve no spatial shift between the location of shocks and
the location of enhancement of shock tracers. That is,
shock tracers are only seen locally close to the location
of shocks. In other words, the observed gradual varia-
tion of chemical abundances suggests gradual variation
in the frequency of shocks.
4.2.4. Timescale of star formation
From the fast variation of the chemistry of shock trac-
ers, we consider that the collision timescale is relatively
short ∼ 1 Myr. After a collision, the timescale of the
star formation can be compared with the free fall time,
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τff = 3× 105
(
n
104 cm−3
)−1/2
yr. The star formation
usually takes place in the free-fall time or longer. This
timescale is shorter than the time it takes for the gas to
move from N1 to N3 when n & 103 cm−3. If the star
formation at N3 is induced by a collision at N1, the col-
lision must have compressed the gas to n = 103 − 104
cm−3. We leave it to theoretical studies whether this
level of compression is reasonable or not. Meanwhile,
there are indeed Galactic star formation regions where
collisions seem to have triggered star formation within
. 1 Myr (Torii et al. 2011; Fukui et al. 2014, 2018).
Information on stellar ages at N2 and N3 can confirm
the scenario of collision-induced star formation if they
have ages around 2-3 Myr. Age-dating of starburst has
also been conducted for star clusters in and around the
circumnuclear ring of M83. However, most young clus-
ters are located in regions that are unobscured in optical
or NIR wavelength, and their ages are in the range of
5-10 Myr (Harris et al. 2001; Houghton & Thatte 2008;
Knapen et al. 2010). Although Knapen et al. (2010) re-
ported that there is a gradient of stellar ages in clusters
near N2, N4, and N5 clouds with ages of 5.5, 6.8, and 8.6
Myr, their observations likely did not trace stars formed
at the orbit intersection on the northeastern stream if
they travel on the circumnuclear ring with the orbital
period of 10 Myr. There are a few clusters with ages of
a few Myr around the N2 cloud in the observations by
Harris et al. (2001), but there is no work reporting the
ages of obscured star formation around the N2 and N3
clouds that we observe with radio recombination lines.
Therefore, these studies on stellar ages cannot be used to
confirm the scenario of collision-induced star formation.
With the consideration of factors discussed in Sections
4.2.1 - 4.2.4, we conclude it plausible that the star for-
mation around N2 & N3 was triggered by the collisions
at the orbit intersection if these collisions can compress
the gas up to n = 103 − 104 cm−3 or higher.
4.3. Comparison between the northeastern stream and
the southwestern stream
As explained in Section 3.3, there is difference between
the chemical composition in the northeastern and south-
western streams. The enhanced fractional abundance of
methanol at S1 and S2 suggests that there are shocks
at the orbit intersection in the southwestern stream,
which is similar to the case in N1. On the other hand,
the SiO/13CO intensity ratio is lower at S1 or S2 than
at N1 and N2. Because SiO is known to be enhanced
with strong shocks (> 25 km s−1 Gusdorf et al. 2008),
strong shocks must be more frequent in the northeastern
stream. On the southwestern stream, there is no sign of
active star formation traced by the radio recombination
line, either.
There are a few possible reasons for this lack of star
formation in the southwestern stream. One possible rea-
son is the lack of the gas supply. As it is obvious from
the moment 0 maps (e.g., 13CO(1 − 0) map in Figure
9), the distribution of the molecular gas is not uniform
along the circumnuclear ring. If the gas inflow from
the bar has been scarce in the southwestern stream in
the past few Myr or so, this lack of fresh gas supply
suppresses star formation. If this is the case, the gas
currently located at S1-S3 may result in star formation
in a few Myr as the clouds reach the intersection with
the nuclear ring. Another possible reason is the lack
of strong shocks. Although CH3OH fractional abun-
dance is moderately enhanced at S1-S2 and the moment
2 map shows higher velocity dispersion at S1 compared
with the upstream, there is less emission of SiO in the
southwestern stream. This trend indicates that strong
shocks are less frequent there. On the other hand, the
velocity dispersion shown in the moment 2 map (Figure
2 right) is slightly larger in the southwestern stream.
More turbulence on the southwestern stream can also re-
strain star formation. Although it seems contradictory
to the less SiO intensity on the southwestern stream,
the southwestern stream may have more turbulence with
low-velocity shocks. There is yet another possible sce-
nario where the collision-induced star formation is not
the major mode of star formation. Seo & Kim (2013)
proposed that collision-induced star formation does not
provide as high star formation rate as star formation
due to self gravity within the circumnuclear ring when
the gas inflow rate is large. It is because the gas flows
through the orbit intersection without colliding. How-
ever, this scenario is unlikely in this particular case of
the southwestern stream of M83 because the gas is more
scarce on this stream than on the northeastern stream.
The column densities of 13CO at S1 and S2 are about a
half of the column densities at N1 and N2.
4.4. Other contributing factors to the chemical
composition
In addition to the chemical processes discussed in our
proposed scenario in Section 4.1, there are other fac-
tors contributing to the chemistry. First, we discuss
the case of PDR tracers. Although CCH and CN have
been claimed to be PDR tracers, their fractional abun-
dances depend not only on the UV-field strength, but
also on the gas volume density because reactions involv-
ing UV photons become more effective in lower-density
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environments.3 Theoretical studies have shown that the
quantity G0/n is the control parameter of PDR chem-
istry (e.g., Draine & Bertoldi 1996) where G0 is the
UV-field strength. This dependence on the density has
also been discussed in Mart´ın et al. (2015) in the con-
text of extragalactic chemical observations. Our results
show that the fractional abundances of CCH are al-
most constant among positions. If the emission of CCH
comes from low-density regions of molecular clouds, even
clouds without star formation can emit some amount of
CCH. This may explain why the fractional abundances
of CCH do not necessarily correlate with the strengths
of star formation.
Unlike PDR tracers, some species are more prone to
dissociation by UV-photons. One example is methanol.
We proposed that the enhancement of CH3OH at N1 is
caused by more frequent shocks than at downstream po-
sitions. However, the decreased abundances of methanol
at N2 or N3 may be caused by photodissociation from
the star formation there. On the other hand, the en-
hanced CH3OH/
13CO at the entering point from the bar
is also seen on the southwestern stream, where there is
no obvious star formation. Therefore, it is likely that
some methanol emission is still enhanced due to shocks.
Abundances of some species may also be affected by
changes in the temperature of dust grains. For exam-
ple, when the dust grains are warm, the production rate
of methanol is suppressed. Such heating of dust may
be effective in active star-forming regions. The N2H
+
fractional abundances may also be affected by the dust
temperature because CO may be less depleted on warm
dust grains and there is a major destruction route of
N2H
+ through CO (Bergin et al. 2001).
4.5. Comparison with other galactic centers
There are galactic centers that show chemistry similar
to the one in M83 and there are ones that do not. Our
proposed scenario is similar to what was suggested by
Meier & Turner (2005) for IC 342. The enhancement
of CH3OH and N2H
+ at the bar-ring orbit intersections
was also seen in IC 342.
As mentioned earlier, NGC 1097 is an example where
star formation seems independent from the galactic or-
bits. Mart´ın et al. (2015) studied the circumnuclear ring
of NGC 1097 for the spatial abundance variation of such
species as SiO, CCH, HCN, HCO+, HNCO, CS, SO, and
3 Reactions involving UV photons, such as photodissociation
or photoionization reactions, are one-body reactions, and their
rates are proportional to the density n. Meanwhile, rates of two-
body reactions are proportional to n2. Therefore, two-body reac-
tions become more effective than reactions involving UV-photons
at higher densities.
HC3N. Unlike our results in M83, there is no large vari-
ation of the chemical composition in the circumnuclear
ring of NGC 1097 except for CCH. This difference may
be caused by the presence of collision-induced star for-
mation in M83, although we caution that a similar large
scale chemical variation due to cloud collision may be
present also in NGC 1097 at a low level below the sensi-
tivity of their cycle 0 observations. In the case of NGC
1097, the scenario by Seo & Kim (2013) may be relevant
because of the high gas inflow rate.
Mills & Battersby (2017) analyzed the chemical com-
position of the Galactic central molecular zone (CMZ)
using the survey data by Jones et al. (2012). They an-
alyzed ratios of molecular line intensities with respect
to the total column density of the molecular gas. Spa-
tial variation of these ratios should reveal the variation
of fractional abundances of those species provided that
the excitation temperature is constant. The interpreta-
tion of these data in relation with the galactic orbits is
more difficult in the Galactic Center than in M83 be-
cause of the edge-on configuration of our Galaxy. There
are models of Galactic Center structure to explain the
observed position-velocity diagram (e.g., Sawada et al.
2004; Kruijssen et al. 2015). According to the model by
Sawada et al. (2004), the 1.3◦ cloud is at the orbit in-
tersection from the bar to the circumnuclear ring. SiO
is indeed enhanced in the 1.3◦ cloud and the 1.6◦ cloud
as seen in Riquelme et al. (2010) from the SiO/H13CO+
intensity ratio. In Mills & Battersby (2017), the en-
hancement in the 1.3◦ cloud and the 1.6◦ cloud was not
seen because their analysis only included regions above a
certain column density threshold, and these clouds have
column densities below the threshold. Therefore, the
SiO fractional abundance is highest in Sgr B2 in Mills
& Battersby (2017). Sgr B2 clouds were suggested to
be under the influence of tidal compression in the model
by Kruijssen et al. (2015), and frequent shocks may also
be relevant there. N2H
+ is also most enhanced in Sgr
B2 according to the map by Mills & Battersby (2017).
Partly because of the edge-on configuration, we are un-
able to see similarity of the chemistry of the Galactic
Center CMZ with that of M83 except for frequent shocks
at the 1.3◦ cloud.
5. SUMMARY
We have presented multi-species, multi-transition
ALMA observations in the galactic center region of
M83. We have studied the variation of chemistry as
the gas flows from the bar into the circumnuclear ring
and moves to the star-forming regions. Here are the
summary of our results.
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• Shock tracers (SiO and CH3OH) are found to be
enhanced at the two locations where the leading-
edge gas lanes on the bar are connected to the
circumnuclear ring.
• In the northeastern stream, the N2H+ fractional
abundance decreases as the gas travels further
from the orbit intersection. This variation in the
fractional abundance indicates gas compression at
the orbit intersection if N2H
+ emission prefer-
entially comes from dense gas. Signs of active
star formation are seen from the radio recombina-
tion line H41α and CN further downstream. This
variation can be explained by the star formation
induced by the collisions of molecular clouds at
the orbit intersection and by the gas compression
through the collisions.
• If the star formation in the northeastern stream
is indeed triggered at the orbit intersection, the
timescale of star formation is 2-3 Myr. The col-
lision frequency at the orbit intersection is esti-
mated to be on the order of ∼ 1 Myr, and star
formation within a few Myr is possible if the gas
compression is effective enough to allow gravita-
tional collapse in a short timescale on the order of
1 Myr.
• The southwestern stream lacks the sign of gas com-
pression and star formation. This difference from
the northeastern stream may come from the lower
amount of gas in the southwestern stream, or the
lack of strong shocks.
• The chemistry in the center of M83 and its depen-
dence on the galactic structure is similar to what
was observed in IC 342. On the other hand, the
chemical variation of M83 shows little similarity
with that in the circumnuclear ring of NGC 1097.
We have shown here that astrochemistry can be used
to study collision-induced star formation in nearby
galaxies. At the same time, it is still unclear what
the exact cause is for presence or absence of collision-
induced star formation. Further astrochemical studies
in a larger sample may help resolving the condition for
the collision-induced star formation and revealing more
of the ISM evolution related to galactic gas dynamics.
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APPENDIX
A. VELOCITY-INTEGRATED INTENSITY MAPS
Figures 9-11 show velocity-integrated intensity maps in our observations. To create moment 0 maps with as high
signal-to-noise ratios as possible, we masked out the region with 13CO emission below 5 σ in each velocity channel.
This mask was applied to line cubes of all isolated lines, and velocity-integrated intensity maps were created with
the task immoments. A number of species show multiple transitions contributing to the observed line profile (e.g.
the hyperfine structure of CN or CCH) For those lines, we made masks with velocity shifts corresponding to those
transitions. The intersection of those masks was applied to the cube as a new mask. Because of the use of masks,
the noise levels are not constant within the map. The error in the velocity-integrated maps can be estimated as
σinteg = σ1ch∆vch
√
N where N is the number of channels integrated and vch = 10 km s
−1 is the width of one channel.
If there is no blending of multiple transitions, the number of channels integrated over at analyzed positions are N1 :
9, N2 : 12, N3 : 12, N4 : 8, N5 : 6, C1 : 17, C2 : 13, S1 : 10, S2 : 11, S3 : 11, S4 : 9.6, S5 : 7. To obtain the number
of channels used for the images with multiple transitions integrated together, add 10 to those numbers in the isolated
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Figure 1. (Left) Spitzer IRAC 3.6µm image of M83 from Dale et al. (2009). The target area of our observations are indicated
as a pink dashed rectangule. An example of x1 (bar) orbits is shown as a white ellipse. (Right) The velocity-integrated intensity
map of 13CO(1 − 0). This is to show the structure of circumnuclear ring and analyzed positions. The target area of our
observations is indicated as a grey dashed rectangle. Positions analyzed in this paper are indicated as blue (N1-5), green (S1-5),
and grey (C1-2) circles. The star indicates the position of nucleus (Houghton & Thatte 2008), and the plus sign shows the
location of the center of symmetry. The synthesized beam is shown as a black ellipse on the lower left corner. Examples of x1
and x2 (circumnuclear ring) orbits are shown with red dashed ellipses. There is the same map in Appendix A with contours.
The “typical” value of rms is σN1 = 0.57 K km s
−1 in this map.
Figure 2. Moment 1 (mean velocity; left figure) and moment 2 (velocity dispersion; right figure) maps obtained from 13CO(1−0)
emission. The synthesized beam is shown as a black ellipse on the lower left corner. The position of the center of symmetry is
indicated as a white plus sign. Analyzed positions indicated as N1-5, S1-5, and C1-2 in Figure 1 (right) are shown as grey plus
signs.
line case for CN (N = 2− 1, J = 3/2− 3/2), 9 for CN (N = 2− 1, J = 3/2− 1/2), 2 for CN (N=2-1,J=5/2-3/2), 4 for
CCH(N = 1− 0, J = 3/2− 1/2), 2 for CCH (N = 1− 0, J = 1/2− 1/2), 7 for CCH (N = 3− 2), and 22 for CH3OH
(5k − 4k).
B. CONTINUUM EMISSION
Figure 12 shows the maps of continuum emission at 2.8, 1.3, and 1.0 mm. The areas we detected the continuum
emission are smaller than those for major molecular lines such as CO isotopologues. There is also visible difference
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Figure 3. Ratios of line intensities of selected species over that of 13CO (1 − 0) in Kelvin scale. Beam sizes are convolved to
the same resolution, a larger one between the lines in the numerator and the denominator. All the images are corrected for the
primary beam. Ratios of the maximum and the minimum value of the color scale are set to be 10.
between the continuum emission of 2.8 mm and those at 1.3 and 1.0 mm. This is most likely because the former has
a sizable contribution from free-free and synchrotron emission while the latter is dominated by dust emission.
We estimate the contribution of free-free emission to the continuum emission in Band 3 from the flux of the radio
recombination line H41α, which turns out to be 45-100 %. We used a formula from Brown et al. (1978) to estimate
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Figure 4. Velocity-integrated intensity map of H41α (red
contours) overlaid on the velocity-integrated intensity map
of 13CO(1-0) (grey scale). The contour levels of H41α are
every 0.96 K km s−1 with the typical rms of 0.32 K km s−1
(see details of moment 0 maps in Appendix A).
the free-free continuum intensity from the observed H41α intensity,∫
TLdv/Tc = 6.76× 103ν1.1T−1.15e , (B1)
where
∫
TLdv is the velocity-integrated intensity of a radio recombination line, Tc is the intensity of continuum from
free-free emission, ν is the frequency in the unit of GHz, and Te is the electron temperature. Within the area of H41α
emission, the averaged H41α velocity-integrated intensity is 0.94 K km s−1, and the continuum intensity is 0.029 K. We
obtained the fractional contribution of the free-free emission using the range of electron temperatures Te = 4000− 104
K from values in Galactic sources or in a starburst galaxy (Shaver et al. 1983; Paladini et al. 2004; Bendo et al. 2015).
Presence of significant free-free emission explains different spatial distribution of continuum emission between Band 3
and Bands 6 and 7. The continuum intensities are significantly larger in the higher-frequency bands, which must be
due to dust emission.
C. ESTIMATE OF COLLISION FREQUENCY
The collision time scale is estimated as t ∼ 1nclσv where v is the velocity of the cloud with respect to the collision
partner, and ncl is the number density of clouds. Meanwhile, the volume filling factor Φ can be expressed as nclVcl
where Vcl is the volume of a single molecular cloud. If we assume a spherical cloud with a radius Rcl, the collision
time scale can be expressed as t ∼ 43 RclΦv . Here we estimate the volume filling factor as follows. We assume the stream
is flowing in a cylindrical structure with a radius of r and a length of l. Consider the number of molecular clouds
within this cylinder to be Ncl, and the total volume of the cylinder to be Vtot. Then, Φ =
NclVcl
Vtot
. If we define Mtot as
the total gas mass in the volume and Mcl as the mass of a single cloud, we can express Ncl as Ncl =
Mtot
Mcl
. Mtot can
also be expressed as Mtot = mH2NH2A where A = 2rl is the area of the cylinder seen from the side, mH2 is the mass
of one hydrogen molecule, and NH2 is the averaged H2 column density of the cylinder seen from the side. Because
Vcl =
4
3piR
3
cl and Vtot = pir
2l, we can rewrite the volume filling factor as Φ = 83
mH2NH2R
3
cl
Mclr
. From our data, the average
column density of 13CO over r = 55 pc (2.5′′) is N13CO ∼ 2× 1016 cm−2. Assuming the N13CO = 10−6NH2, Rcl = 20
pc, and Mcl = 1.5× 105 M, we obtain Φ = 0.77
(
Rcl
20pc
)3 (
Mcl
1.5×105M
)−1 (
NH2
2×1022cm−3
)(
r
55pc
)−1
.
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Figure 9. Velocity-integrated intensity maps of some of the detected lines before the primary beam correction. The analyzed
positions N1-5, S1-5, and C1-2 are shown as grey plus signs. The synthesized beam is shown as a black ellipse on the lower left
corner. Their beam sizes are listed in Table 2. The noise level spatially varies in each map because the number of integrated
channels varies with position due to our masking. The noise at the N1 position is listed below as σN1. See Appendix A to
obtain the noise at other positions. Contour levels are plotted at 5.9, 11.8, 17.6, and every 11.8 K kms−1 for 13CO(1− 0) with
a typical noise of σN1 = 0.56 K km s
−1, 1.7, 3.5, 5.2, 7.0, 8.7, and every 3.5 K km s−1 for C18O(1 − 0) with σN1 = 0.44 K km
s−1, 3.4, 6.7, 10.1, and every 6.7 K km s−1 for CS(2 − 1) with σN1 = 0.34 K km s−1, 3.2, 6.5, 9.7, and every 6.5 K kms−1 for
CH3OH(2k − 1k) with σN1 = 0.33 K km s−1, every 2.1 K kms−1 for N2H+(1 − 0) with σN1 = 0.39 K km s−1, every 2.9 K km
s−1 for HNCO(50,5−40,4) with σN1 = 0.42 K km s−1, 3.3, 6.6, 9.9, and every 6.6 K km s−1 for CCH(13/2−01/2) with σN1 = 1.1
K km s−1, every 2.9 K km s−1 for CCH(11/2 − 01/2) with σN1 = 0.95 K km s−1, 4.0, 7.9, 11.9, and every 7.9 for HNC(1 − 0)
with σN1 = 0.37 K km s
−1, every 2.7 K km s−1 for SiO(2 − 1) with σN1 = 0.9 K km s−1. For CN lines in the Band 3, we did
not use the mask, and contour levels are every 16.7 K km s−1 for CN(11/2-01/2) with σ = 6.0 K km s
−1, every 19.8 K km s−1
for CN(13/2-01/2) with σ = 6.5 K km s
−1.
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Figure 10. Same as Figure 9, but for other lines. Contour levels are plotted at 7.6, 15.1, 22.7, and every 15.1 K km s−1 for
13CO(2− 1) with σN1 = 0.53 K km s−1, every 3.6 K km s−1 for C18O(2− 1) with σN1 = 0.31 K km s−1, every 0.6 K km s−1 for
C17O(2 − 1) with σN1 = 0.20 K km s−1, every 1.4 K km s−1 for CS(5 − 4) with σN1 = 0.19 K km s−1, 1.2, 2.3, 3.5, and every
2.3 K km s−1 for CS(6− 5) with σN1 = 0.26 K km s−1, 1.1, 2.2, 3.3, and every 2.2 K km s−1 for N2H+(3− 2) with σN1 = 0.37
K km s−1, every 2.2 K km s−1 for CH3OH(5k − 4k) with σN1 = 0.27 K km s−1, every 0.8 K km s−1 for HC3N(12 − 11) with
σN1 = 0.41 K km s
−1, and every 0.8 K km s−1 for HC3N(10− 9) with σN1 = 0.34 K km s−1.
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Figure 11. Same as Figure 9, but for other lines. Contour levels are plotted at 1.6, 3.1, 4.7, and every 3.1 K km s−1 for
CN(25/2 − 13/2) with σN1 = 0.16 K km s−1, 1.8, 3.6, 5.4, and every 3.6 K km s−1 for CN(23/2 − 11/2) with σN1 = 0.18 K
km s−1, and every 1.7 K km s−1 for CN(23/2 − 13/2) with σN1 = 0.18 K km s−1, every 1.0 K km s−1 for H2CO(30,3 − 20,2)
with σN1 = 0.32 K km s
−1, every 0.6 K km s−1 for H2CO(31,2 − 21,1) with σN1 = 0.20 K km s−1, every 1.0 K km s−1 for
H2CO(41,4 − 31,3) with σN1 = 0.22 K km s−1, 0.96, 1.9, 2.8, and every 1.9 K km s−1 for CH3CCH(6k − 5k) with σN1 = 0.32
K km s−1, 0.7, 1.4, 2.1, and every 1.4 K km s−1 for CH3CCH(14k − 13k) with σN1 = 0.23 K km s−1, every 0.8 K km s−1 for
CH3CN(5k − 4k) with σN1 = 0.34 K km s−1, every 2.3 K km s−1 for CCH(3− 2) with σN1 = 0.22 K km s−1, and every 0.96 K
km s−1 for H41α with σN1 = 0.32 K km s−1.
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Figure 12. Continuum images of the central region of M83 at 2.8, 1.3, 1.0 mm. Images are produced using line-free channels
of one sideband (3.65-GHz wide). The contour levels are 6, 12, 18, 24, and every 12 σ for 2.8mm (1σ = 25µJy beam−1), 6, 12,
18, 24, 30, 36, and every 12 σ for 1.3 mm (1σ = 77µJy beam−1) , and 6, 12, 18, 24, and every 12 σ for 1.0 mm (1σ = 100µJy
beam−1). The synthesized beams are shown as black ellipses on the lower left corner, and their sizes are 1.8′′× 1.7′′ for 2.8 mm,
1.8′′ × 1.3′′ for 1.3 mm, 1.6′′ × 1.3′′ for 1 mm.
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Table 1. Observational Parameters.
LSB Range USB Range Project code Array Config Observation Date Nant Baseline UV range Ton
(GHz) (GHz) Range (m) (kλ) (min)
85.61-89.34 97.54-101.27 2015.1.01177.S 12m1 C40-6 2016-09-20 37 14.4-3052 4.5-951.2 40
12m1 C40-6 2016-09-22 37 14.3-3126 4.5-974.3 40
12m2 C36-2/3 2016-04-18 39 14.5-594.6 4.5-185.3 40
89.56 - 93.23 101.56-105.17 2016.1.00164.S 12m C40-3 2016-12-15 43 14.3-430.6 4.6-139.8 33
12m C40-3 2016-12-25 44 14.4-488.3 4.7-158.6 33
7m · · · 2016-11-05 8 8.9-44.8 2.9- 14.5 46
7m · · · 2016-11-06 8 9.5-44.7 3.1- 14.5 46
95.07-98.72 107.07-108.95 2016.1.00164.S 12m C40-3 2016-12-23 44 14.5-490.7 4.9-167.0 33
12m C40-3 2016-12-25 40 12.4-448.2 4.2-152.5 33
7m · · · 2016-10-06 8 8.5-48.8 2.9- 16.6 45
7m · · · 2016-10-06 8 7.2-48.8 2.9- 16.6 45
99.91-103.66 112.14-115.55 2012.1.00762.S 12m C32-5 2013-06-19 25 14.2-2407.3 5.4-910.0 27
12m C32-5 2013-06-19 25 14.22-2407.3 5.4-910.0 27
12m C32-5 2013-07-05 21 20.8-1256.7 7.9-475.1 27
12m C32-5 2013-11-29 24 18.5-1205.3 7.0-455.6 45
7m · · · 2013-12-02 5 12.8- 44.5 4.9- 16.8 22
7m · · · 2013-12-04 7 9.1- 47.9 3.4-18.1 22
7m · · · 2013-12-04 6 8.1- 44.7 3.1-16.9 22
7m · · · 2014-01-24 9 7.1-46.8 2.7- 17.7 22
7m · · · 2014-08-10 9 7.1-48.8 2.7-18.4 22
7m · · · 2014-08-11 6 8.9-48.6 3.4-18.4 22
7m · · · 2014-08-12 6 8.9-48.6 3.4-18.4 22
7m · · · 2014-08-13 8 7.0-48.7 2.7-18.4 22
7m · · · 2014-08-14 6 8.2-48.5 3.1-18.3 22
7m · · · 2014-08-15 9 7.9-48.8 3.0-18.5 22
7m · · · 2014-08-16 6 9.1-48.7 3.5-18.4 22
7m · · · 2014-08-16 9 8.8-48.7 3.3-18.3 22
7m · · · 2014-08-16 9 7.9-48.8 3.0-18.5 22
7m · · · 2014-08-15 6 8.4-48.5 3.2-18.3 22
7m · · · 2015-01-19 8 9.5-38.2 3.6-14.4 22
216.61-220.25 232.80-236.44 2016.1.00164.S 12m C40-1 2017-03-11 38 14.8-320.4 11.2-242.1 41
7m · · · 2016-10-02 9 8.1-48.8 6.1- 36.9 48
7m · · · 2016-12-01 8 9.5-44.8 7.2- 33.9 48
7m · · · 2016-12-24 10 8.7-44.8 6.6-33.9 48
7m · · · 2016-12-29 10 8.7-44.7 6.6-33.8 48
224.19-227.83 238.15-241.82 2016.1.00164.S 12m C40-1 2017-03-16 42 13.6-281.1 10.6- 218.5 41
7m · · · 2016-12-30 11 8.8-44.7 6.8-34.7 48
7m · · · 2017-01-21 8 9.5-44.8 7.4-34.8 48
7m · · · 2017-01-31 9 8.5-44.6 6.6-34.7 48
7m · · · 2017-03-10 10 8.6-44.7 6.7-34.7 48
243.08-246.72 259.29-262.96 2016.1.00164.S 12m C40-1 2017-03-19 40 12.2-277.5 10.3- 234.2 47
7m · · · 2016-11-16 9 9.4-43.6 7.9-36.8 37
7m · · · 2016-11-20 10 8.4-44.4 7.1-37.5 26
7m · · · 2016-11-21 11 7.5-44.8 6.3-37.8 42
7m · · · 2016-11-29 11 8.3-44.8 7.0- 37.8 45
7m · · · 2016-11-29 11 8.4-44.6 7.1- 37.6 45
7m · · · 2016-12-12 11 7.4-44.8 6.2-37.8 45
278.28-281.92 290.28-293.92 2016.1.00164.S 12m C40-1 2017-03-23 42 14.7-159.4 14.0-152.1 22
7m · · · 2016-11-13 7 8.0-43.6 7.6-41.6 34
7m · · · 2016-11-22 10 8.7-44.6 8.3-42.6 34
7m · · · 2016-11-23 12 8.0-48.1 7.6-45.9 34
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Table 2. Imaging Parameters.
Molecule Transition frest beam rms rms Flux recovery
(GHz) (′′ × ′′) (mJy beam−1) (mK) (%)
13CO 1− 0 110.201 1.7× 1.6 0.501 18.6 85.5± 1.2
2− 1 220.399 1.7 ×1.4 1.655 17.5
C18O 1− 0 109.782 1.7× 1.6 0.393 14.7 84.4± 1.7
2− 1 219.560 1.7 × 1.4 0.978 10.4
C17O 2− 1 224.714 1.9 × 1.4 0.736 6.7
CS 2− 1 97.981 2.0× 1.8 0.321 11.3 110.8± 2.4
5− 4 244.936 2.1 × 1.3 0.842 6.3
6− 5 293.912 1.6 × 1.3 1.283 8.4
CN N = 1− 0, J = 1/2− 1/2 113.123-113.191 2.7 × 1.5 4.056 95.7 77.7± 0.8
N = 1− 0, J = 3/2− 1/2 113.488-113.520 2.7 × 1.5 4.410 103. 86.0± 0.8
N = 2− 1, J = 3/2− 3/2 226.287-226.360 1.9 × 1.4 0.466 4.2
N = 2− 1, J = 3/2− 1/2 226.616-226.679 1.9 × 1.4 0.493 4.4
N = 2− 1, J = 5/2− 3/2 226.874-226.905 1.9 × 1.4 0.534 4.8
C2H N = 1− 0, J = 3/2− 1/2 87.284-87.329 1.6 × 1.4 0.414 29.7 125.9± 2.5
N = 1− 0, J = 1/2− 1/2 87.402-87.447 1.6 × 1.4 0.404 28.9
N = 3− 2 262.004-262.208 2.0 × 1.2 0.747 5.5
SiO 2− 1 86.847 1.6 × 1.4 0.415 30.0 124.7± 31.2
HNC 1− 0 90.664 2.4 × 1.8 0.361 12.4 90.4± 1.8
N2H
+ 1− 0 93.172 2.3 × 1.8 0.386 13.1 72.4± 3.1
3− 2 279.512 1.7 × 1.3 1.094 7.8
CH3OH 2k − 1k 96.741 2.0 × 1.9 0.322 11.0 119.5± 5.5
5k − 4k 241.791 1.8 × 1.3 0.552 4.9
HC3N 10− 9 90.979 2.4 × 1.8 0.328 11.2 75.4± 8.6
12− 11 109.174 1.7× 1.6 0.367 13.9 111.0± 12.8
CH3CN 5k − 4k 91.987 2.3 × 1.8 0.327 11.4 113.0± 28.2
CH3CCH 6k − 5k 102.548 2.1× 1.7 0.328 10.7 62.8± 7.1
14k − 13k 239.252 1.8 × 1.3 0.857 7.8
H2CO 30,3 − 20,2 218.222 1.7 × 1.4 0.994 10.7
31,2 − 21,1 225.698 1.9 × 1.4 0.729 6.6
43,1 − 33,0 291.384 1.6 × 1.3 1.062 7.3
HNCO 50,5 − 40,4 109.906 1.7× 1.6 0.378 14.0 65.4± 8.4
H41α 92.034 2.3 × 1.8 0.330 11.5
Note—The flux recovery rate of CCH N = 1 − 0 is calculated for the sum of J = 1/2 − 1/2 and J = 3/2 − 1/2.
Similarly, the flux recovery rate of CH3CN (5k − 4k) is calculated together with that of H41α because they are
blended in the single-dish data. RMS noise is measured for cubes with ∆v = 10 km s−1 before the primary beam
correction. Data of CCH(N = 1− 0) and SiO(2− 1) were tapered with the CASA parameter uvtaper = 1arcsec.
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Table 3. Coordinates of analyzed posi-
tions
Positions RA (ICRS) DEC(ICRS)
N1 13h37m00.745s -29d51m43.752s
N2 13h37m00.447s -29d51m47.855s
N3 13h37m00.237s -29d51m52.979s
N4 13h37m00.389s -29d51m59.933s
N5 13h37m00.489s -29d52m03.400s
S1 13h37m00.079s -29d52m16.713s
S2 13h37m00.418s -29d52m11.738s
S3 13h37m00.782s -29d52m07.462s
S4 13h37m01.312s -29d51m59.979s
S5 13h37m00.892s -29d51m49.747s
C1 13h37m00.910s -29d51m55.700s
C2 13h37m00.579s -29d51m54.873s
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Table 6. Column densities at C1-C2
C1 C2
Molecule N (cm−2) Tex (K) N (cm−2) Tex (K)
13CO (2.4± 0.2)× 1016 9.7± 1.1 (6.1± 0.4)× 1016 9.9± 0.6
C18O (4.2± 0.5)× 1015 11.7± 2.7 (1.5± 0.1)× 1016 10.9± 0.7
C17O (1.1± 0.2)× 1015 6.7± ... (2.5± 0.1)× 1015 10 .0 ± ...
CS (5.6± 0.5)× 1013 10.0± 0.3 (5.7± 0.8)× 1013 11.1± 0.6
CN (5.0± 0.2)× 1014 4.4± 0.0 (9.2± 0.6)× 1014 4.1± 0.1
CCH (5.7± 0.3)× 1014 5.3± 0.1 (8.6± 0.5)× 1014 6.1± 0.1
CH3OH (9.8± 0.8)× 1013 9.9± 0.4 (2.0± 0.1)× 1014 10.7± 0.4
H2CO (6.2± 1.3)× 1012 12.5± 3.5 (9.4± 0.9)× 1012 16.0± 1.4
NNH+ (3.5± 0.9)× 1012 6.2± 0.5 (7.7± 0.4)× 1012 7.1± 0.1
HCCCN < 1.3× 1013 ... (1.7± 0.1)× 1013 17.3± 1.7
CH3CCH < 1.3× 1014 ... (3.6± 0.2)× 1014 27.8± 0.6
Note—Table 7 is published in its entirety in the machine-readable
format. A portion is shown here for guidance regarding its form and
content. For transitions undetected, upper limit values of 3 σ are
shown. Peak intensities are taken from a channel smoothed to 10 km
s−1. We show intensities of data smoothed to the beam size of 2.8′′.
The absolute flux calibration has accuracy of about
10 %. Asterisks are added to values for CS(6− 5) at S1
to indicate that these values seem to show more errors
than what are theoretically predicted from the primary
beam correction, and they need to be taken with
caution.
Table 7. Observed peak intensities and velocity-integrated intensities for de-
tected lines.
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
13CO(1− 0) N1 1.2e+03 1.2e+01 4.8e+01 3.7e-01
13CO(1− 0) N2 9.0e+02 1.2e+01 5.4e+01 4.2e-01
13CO(1− 0) N3 1.7e+03 1.2e+01 7.1e+01 4.2e-01
13CO(1− 0) N4 7.6e+02 1.2e+01 2.3e+01 3.4e-01
13CO(1− 0) N5 1.3e+03 1.2e+01 3.3e+01 2.9e-01
13CO(1− 0) C1 2.7e+02 1.2e+01 2.5e+01 4.9e-01
13CO(1− 0) C2 1.7e+03 1.2e+01 6.0e+01 4.3e-01
13CO(1− 0) S1 8.6e+02 1.3e+01 3.8e+01 4.2e-01
13CO(1− 0) S2 5.2e+02 1.2e+01 2.7e+01 4.1e-01
13CO(1− 0) S3 1.6e+03 1.2e+01 8.3e+01 4.0e-01
13CO(1− 0) S4 7.7e+02 1.2e+01 2.7e+01 3.7e-01
13CO(1− 0) S5 1.2e+03 1.2e+01 3.3e+01 3.2e-01
13CO(2− 1) N1 1.1e+03 1.6e+01 5.2e+01 4.9e-01
13CO(2− 1) N2 1.2e+03 1.6e+01 8.3e+01 5.7e-01
13CO(2− 1) N3 2.2e+03 1.5e+01 1.2e+02 5.3e-01
13CO(2− 1) N4 1.2e+03 1.3e+01 3.4e+01 3.7e-01
Table 7 continued
Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
13CO(2− 1) N5 1.5e+03 1.3e+01 4.0e+01 3.2e-01
13CO(2− 1) C1 3.8e+02 1.3e+01 3.7e+01 5.4e-01
13CO(2− 1) C2 2.2e+03 1.4e+01 8.5e+01 4.9e-01
13CO(2− 1) S1 1.1e+03 2.0e+01 6.2e+01 6.3e-01
13CO(2− 1) S2 4.9e+02 1.5e+01 2.7e+01 5.0e-01
13CO(2− 1) S3 1.6e+03 1.4e+01 9.4e+01 4.8e-01
13CO(2− 1) S4 8.5e+02 1.4e+01 3.2e+01 4.5e-01
13CO(2− 1) S5 1.2e+03 1.4e+01 3.4e+01 3.6e-01
C18O(1− 0) N1 2.8e+02 7.4e+00 1.1e+01 2.2e-01
C18O(1− 0) N2 1.9e+02 7.2e+00 1.1e+01 2.5e-01
C18O(1− 0) N3 3.6e+02 7.2e+00 1.5e+01 2.5e-01
C18O(1− 0) N4 1.6e+02 7.1e+00 4.6e+00 2.0e-01
C18O(1− 0) N5 3.7e+02 7.1e+00 8.2e+00 1.7e-01
C18O(1− 0) C1 5.5e+01 7.1e+00 4.6e+00 2.9e-01
C18O(1− 0) C2 4.5e+02 7.1e+00 1.5e+01 2.6e-01
C18O(1− 0) S1 2.1e+02 7.9e+00 8.1e+00 2.5e-01
C18O(1− 0) S2 9.9e+01 7.4e+00 4.9e+00 2.4e-01
C18O(1− 0) S3 4.1e+02 7.2e+00 1.9e+01 2.4e-01
C18O(1− 0) S4 1.3e+02 7.1e+00 4.4e+00 2.2e-01
C18O(1− 0) S5 2.8e+02 7.2e+00 6.6e+00 1.9e-01
C18O(2− 1) N1 2.5e+02 7.9e+00 1.2e+01 2.4e-01
C18O(2− 1) N2 2.9e+02 7.8e+00 1.9e+01 2.7e-01
C18O(2− 1) N3 5.6e+02 7.3e+00 2.8e+01 2.5e-01
C18O(2− 1) N4 2.9e+02 6.3e+00 8.2e+00 1.8e-01
C18O(2− 1) N5 4.7e+02 6.3e+00 1.1e+01 1.5e-01
C18O(2− 1) C1 8.2e+01 6.2e+00 7.4e+00 2.6e-01
C18O(2− 1) C2 7.3e+02 6.5e+00 2.5e+01 2.3e-01
C18O(2− 1) S1 3.0e+02 9.4e+00 1.5e+01 3.0e-01
C18O(2− 1) S2 1.0e+02 7.3e+00 5.5e+00 2.4e-01
C18O(2− 1) S3 4.3e+02 6.9e+00 2.3e+01 2.3e-01
C18O(2− 1) S4 1.8e+02 6.9e+00 5.6e+00 2.1e-01
C18O(2− 1) S5 2.8e+02 6.5e+00 7.5e+00 1.7e-01
C17O(2− 1) N1 4.4e+01 4.5e+00 1.4e+00 1.4e-01
C17O(2− 1) N2 4.3e+01 4.5e+00 3.1e+00 1.6e-01
C17O(2− 1) N3 8.9e+01 4.2e+00 4.1e+00 1.5e-01
C17O(2− 1) N4 5.3e+01 3.6e+00 1.2e+00 1.0e-01
C17O(2− 1) N5 7.1e+01 3.6e+00 1.5e+00 8.7e-02
C17O(2− 1) C1 1.5e+01 3.5e+00 1.1e+00 1.5e-01
C17O(2− 1) C2 1.3e+02 3.7e+00 4.1e+00 1.3e-01
C17O(2− 1) S1 5.5e+01 5.6e+00 2.3e+00 1.8e-01
C17O(2− 1) S2 1.3e+01 4.2e+00 4.4e-01 1.4e-01
C17O(2− 1) S3 7.4e+01 4.0e+00 3.0e+00 1.3e-01
C17O(2− 1) S4 2.6e+01 3.9e+00 6.7e-01 1.2e-01
C17O(2− 1) S5 4.3e+01 3.7e+00 1.2e+00 9.8e-02
CS(2− 1) N1 3.7e+02 6.9e+00 1.6e+01 2.1e-01
CS(2− 1) N2 4.0e+02 6.8e+00 2.2e+01 2.4e-01
CS(2− 1) N3 5.8e+02 6.8e+00 2.8e+01 2.3e-01
CS(2− 1) N4 2.9e+02 6.7e+00 9.0e+00 1.9e-01
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Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
CS(2− 1) N5 3.2e+02 6.7e+00 7.9e+00 1.7e-01
CS(2− 1) C1 1.4e+02 6.7e+00 1.4e+01 2.8e-01
CS(2− 1) C2 5.3e+02 6.7e+00 2.2e+01 2.4e-01
CS(2− 1) S1 1.8e+02 7.2e+00 8.9e+00 2.3e-01
CS(2− 1) S2 1.5e+02 6.9e+00 7.2e+00 2.3e-01
CS(2− 1) S3 3.6e+02 6.8e+00 2.0e+01 2.2e-01
CS(2− 1) S4 2.0e+02 6.8e+00 6.6e+00 2.1e-01
CS(2− 1) S5 1.8e+02 6.8e+00 5.2e+00 1.8e-01
CS(5− 4) N1 5.3e+01 4.8e+00 2.6e+00 1.4e-01
CS(5− 4) N2 1.0e+02 4.2e+00 5.5e+00 1.5e-01
CS(5− 4) N3 1.5e+02 4.0e+00 7.3e+00 1.4e-01
CS(5− 4) N4 8.4e+01 3.8e+00 2.4e+00 1.1e-01
CS(5− 4) N5 5.9e+01 3.9e+00 1.5e+00 9.5e-02
CS(5− 4) C1 3.7e+01 3.7e+00 4.5e+00 1.5e-01
CS(5− 4) C2 1.8e+02 3.8e+00 6.4e+00 1.4e-01
CS(5− 4) S1 5.9e+01 7.5e+00 3.2e+00 2.4e-01
CS(5− 4) S2 2.6e+01 4.9e+00 8.5e-01 1.6e-01
CS(5− 4) S3 5.0e+01 4.1e+00 2.7e+00 1.4e-01
CS(5− 4) S4 2.4e+01 3.9e+00 7.3e-01 1.2e-01
CS(5− 4) S5 1.5e+01 4.0e+00 2.7e-01 1.1e-01
CS(6− 5) N1 1.8e+01 6.0e+00 8.5e-01 1.8e-01
CS(6− 5) N2 5.1e+01 4.8e+00 2.5e+00 1.7e-01
CS(6− 5) N3 7.5e+01 4.3e+00 3.3e+00 1.5e-01
CS(6− 5) N4 4.2e+01 4.0e+00 1.0e+00 1.1e-01
CS(6− 5) N5 2.1e+01 4.1e+00 3.7e-01 1.0e-01
CS(6− 5) C1 2.0e+01 3.9e+00 2.1e+00 1.6e-01
CS(6− 5) C2 1.0e+02 4.0e+00 3.3e+00 1.4e-01
CS(6− 5) S1 4.6e+01* 1.2e+01 6.0e+00* 3.9e-01
CS(6− 5) S2 <1.2e+01 – <6.0e-01 –
CS(6− 5) S3 2.2e+01 4.5e+00 9.0e-01 1.5e-01
CS(6− 5) S4 <1.2e+01 – <3.9e-01 –
CS(6− 5) S5 <1.2e+01 – <3.4e-01 –
CN(11/2 − 01/2) N1 <1.8e+02 – <1.1e+01 –
CN(11/2 − 01/2) N2 2.4e+02 5.9e+01 2.6e+01 3.7e+00
CN(11/2 − 01/2) N3 3.1e+02 5.9e+01 2.7e+01 3.7e+00
CN(11/2 − 01/2) N4 2.3e+02 5.9e+01 8.6e+00 3.7e+00
CN(11/2 − 01/2) N5 2.3e+02 5.9e+01 1.1e+01 3.7e+00
CN(11/2 − 01/2) C1 1.9e+02 5.9e+01 1.9e+01 3.7e+00
CN(11/2 − 01/2) C2 2.9e+02 5.9e+01 3.4e+01 3.7e+00
CN(11/2 − 01/2) S1 <1.8e+02 – <1.1e+01 –
CN(11/2 − 01/2) S2 <1.8e+02 – <1.1e+01 –
CN(11/2 − 01/2) S3 2.2e+02 5.9e+01 1.6e+01 3.7e+00
CN(11/2 − 01/2) S4 <1.8e+02 – <1.1e+01 –
CN(11/2 − 01/2) S5 <1.8e+02 – <1.1e+01 –
CN(13/2 − 01/2) N1 2.3e+02 6.4e+01 1.3e+01 4.0e+00
CN(13/2 − 01/2) N2 5.5e+02 6.4e+01 4.9e+01 4.0e+00
CN(13/2 − 01/2) N3 6.8e+02 6.4e+01 5.3e+01 4.0e+00
CN(13/2 − 01/2) N4 6.3e+02 6.4e+01 2.3e+01 4.0e+00
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Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
CN(13/2 − 01/2) N5 3.1e+02 6.4e+01 1.5e+01 4.0e+00
CN(13/2 − 01/2) C1 3.6e+02 6.4e+01 3.9e+01 4.0e+00
CN(13/2 − 01/2) C2 7.1e+02 6.4e+01 5.4e+01 4.0e+00
CN(13/2 − 01/2) S1 1.9e+02 6.4e+01 1.2e+01 4.0e+00
CN(13/2 − 01/2) S2 2.5e+02 6.4e+01 1.0e+01 4.0e+00
CN(13/2 − 01/2) S3 3.3e+02 6.4e+01 2.9e+01 4.0e+00
CN(13/2 − 01/2) S4 3.0e+02 6.4e+01 1.6e+01 4.0e+00
CN(13/2 − 01/2) S5 2.6e+02 6.4e+01 1.2e+01 4.0e+00
CN(23/2 − 13/2) N1 1.2e+01 2.6e+00 9.0e-01 1.1e-01
CN(23/2 − 13/2) N2 4.4e+01 2.6e+00 3.7e+00 1.2e-01
CN(23/2 − 13/2) N3 6.2e+01 2.4e+00 6.7e+00 1.1e-01
CN(23/2 − 13/2) N4 3.3e+01 2.0e+00 1.9e+00 8.6e-02
CN(23/2 − 13/2) N5 2.4e+01 2.0e+00 1.0e+00 8.1e-02
CN(23/2 − 13/2) C1 2.3e+01 2.0e+00 2.8e+00 1.0e-01
CN(23/2 − 13/2) C2 6.4e+01 2.1e+00 6.3e+00 1.0e-01
CN(23/2 − 13/2) S1 1.7e+01 3.2e+00 1.5e+00 1.4e-01
CN(23/2 − 13/2) S2 9.9e+00 2.4e+00 5.6e-01 1.1e-01
CN(23/2 − 13/2) S3 1.7e+01 2.3e+00 2.0e+00 1.0e-01
CN(23/2 − 13/2) S4 <6.0e+00 – <3.0e-01 –
CN(23/2 − 13/2) S5 <6.0e+00 – <2.6e-01 –
CN(23/2 − 11/2) N1 5.5e+01 2.7e+00 4.2e+00 1.1e-01
CN(23/2 − 11/2) N2 1.1e+02 2.7e+00 1.1e+01 1.2e-01
CN(23/2 − 11/2) N3 1.8e+02 2.5e+00 1.6e+01 1.1e-01
CN(23/2 − 11/2) N4 1.1e+02 2.1e+00 5.2e+00 8.7e-02
CN(23/2 − 11/2) N5 6.6e+01 2.1e+00 2.6e+00 8.2e-02
CN(23/2 − 11/2) C1 7.5e+01 2.1e+00 9.4e+00 1.1e-01
CN(23/2 − 11/2) C2 1.7e+02 2.2e+00 1.2e+01 1.0e-01
CN(23/2 − 11/2) S1 3.2e+01 3.4e+00 3.8e+00 1.5e-01
CN(23/2 − 11/2) S2 2.9e+01 2.5e+00 1.5e+00 1.1e-01
CN(23/2 − 11/2) S3 6.6e+01 2.4e+00 5.1e+00 1.1e-01
CN(23/2 − 11/2) S4 2.9e+01 2.3e+00 8.5e-01 1.0e-01
CN(23/2 − 11/2) S5 2.8e+01 2.2e+00 3.0e-01 8.8e-02
CN(25/2 − 13/2) N1 1.1e+02 3.0e+00 7.2e+00 1.0e-01
CN(25/2 − 13/2) N2 2.4e+02 3.0e+00 2.0e+01 1.1e-01
CN(25/2 − 13/2) N3 3.6e+02 2.8e+00 2.7e+01 1.0e-01
CN(25/2 − 13/2) N4 2.4e+02 2.4e+00 1.0e+01 7.5e-02
CN(25/2 − 13/2) N5 1.5e+02 2.4e+00 5.4e+00 6.7e-02
CN(25/2 − 13/2) C1 1.3e+02 2.4e+00 1.5e+01 1.0e-01
CN(25/2 − 13/2) C2 3.5e+02 2.4e+00 2.1e+01 9.8e-02
CN(25/2 − 13/2) S1 6.9e+01 3.8e+00 5.8e+00 1.3e-01
CN(25/2 − 13/2) S2 5.7e+01 2.8e+00 3.3e+00 1.0e-01
CN(25/2 − 13/2) S3 1.4e+02 2.6e+00 1.0e+01 9.5e-02
CN(25/2 − 13/2) S4 8.4e+01 2.6e+00 2.9e+00 8.9e-02
CN(25/2 − 13/2) S5 6.4e+01 2.5e+00 2.3e+00 7.4e-02
CCH(13/2 − 01/2) N1 1.8e+02 1.9e+01 9.9e+00 6.9e-01
CCH(13/2 − 01/2) N2 2.4e+02 1.9e+01 2.0e+01 7.5e-01
CCH(13/2 − 01/2) N3 3.9e+02 1.8e+01 2.7e+01 7.4e-01
CCH(13/2 − 01/2) N4 2.3e+02 1.8e+01 1.0e+01 6.2e-01
Table 7 continued
Chemistry in the center of M83 29
Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
CCH(13/2 − 01/2) N5 1.8e+02 1.8e+01 7.9e+00 5.8e-01
CCH(13/2 − 01/2) C1 1.2e+02 1.8e+01 1.3e+01 7.9e-01
CCH(13/2 − 01/2) C2 4.2e+02 1.8e+01 2.3e+01 7.3e-01
CCH(13/2 − 01/2) S1 1.6e+02 2.4e+01 1.2e+01 8.8e-01
CCH(13/2 − 01/2) S2 1.2e+02 2.0e+01 7.0e+00 7.9e-01
CCH(13/2 − 01/2) S3 2.0e+02 1.9e+01 1.6e+01 7.2e-01
CCH(13/2 − 01/2) S4 1.2e+02 1.8e+01 8.1e+00 6.6e-01
CCH(13/2 − 01/2) S5 1.2e+02 1.8e+01 5.9e+00 5.9e-01
CCH(11/2 − 01/2) N1 1.1e+02 1.8e+01 4.7e+00 6.1e-01
CCH(11/2 − 01/2) N2 1.6e+02 1.8e+01 8.7e+00 6.6e-01
CCH(11/2 − 01/2) N3 2.3e+02 1.7e+01 1.2e+01 6.5e-01
CCH(11/2 − 01/2) N4 1.1e+02 1.7e+01 5.4e+00 5.4e-01
CCH(11/2 − 01/2) N5 1.1e+02 1.7e+01 4.5e+00 4.9e-01
CCH(11/2 − 01/2) C1 8.9e+01 1.7e+01 7.8e+00 7.3e-01
CCH(11/2 − 01/2) C2 2.2e+02 1.7e+01 1.1e+01 6.7e-01
CCH(11/2 − 01/2) S1 1.0e+02 2.2e+01 7.0e+00 7.7e-01
CCH(11/2 − 01/2) S2 9.4e+01 1.9e+01 3.0e+00 6.9e-01
CCH(11/2 − 01/2) S3 1.3e+02 1.8e+01 8.0e+00 6.4e-01
CCH(11/2 − 01/2) S4 7.7e+01 1.7e+01 4.2e+00 5.8e-01
CCH(11/2 − 01/2) S5 9.2e+01 1.7e+01 3.2e+00 5.1e-01
CCH(3− 2) N1 3.1e+01 2.9e+00 1.8e+00 1.2e-01
CCH(3− 2) N2 7.2e+01 2.5e+00 6.9e+00 1.1e-01
CCH(3− 2) N3 1.6e+02 2.4e+00 1.2e+01 1.0e-01
CCH(3− 2) N4 1.1e+02 2.3e+00 4.3e+00 8.9e-02
CCH(3− 2) N5 3.8e+01 2.3e+00 1.5e+00 8.1e-02
CCH(3− 2) C1 3.4e+01 2.3e+00 4.9e+00 1.1e-01
CCH(3− 2) C2 2.0e+02 2.3e+00 1.2e+01 1.0e-01
CCH(3− 2) S1 4.1e+01 4.6e+00 4.0e+00 1.9e-01
CCH(3− 2) S2 1.3e+01 2.9e+00 5.2e-01 1.2e-01
CCH(3− 2) S3 4.6e+01 2.4e+00 3.2e+00 1.0e-01
CCH(3− 2) S4 1.4e+01 2.3e+00 4.0e-01 9.6e-02
CCH(3− 2) S5 <6.7e+00 – <2.7e-01 –
SiO(2− 1) N1 1.2e+02 1.9e+01 6.1e+00 5.6e-01
SiO(2− 1) N2 9.2e+01 1.8e+01 4.1e+00 6.3e-01
SiO(2− 1) N3 6.0e+01 1.8e+01 2.2e+00 6.2e-01
SiO(2− 1) N4 <5.1e+01 – <1.5e+00 –
SiO(2− 1) N5 <5.1e+01 – <1.3e+00 –
SiO(2− 1) C1 <5.1e+01 – <2.1e+00 –
SiO(2− 1) C2 5.6e+01 1.7e+01 2.6e+00 6.2e-01
SiO(2− 1) S1 7.4e+01 2.3e+01 2.1e+00 7.2e-01
SiO(2− 1) S2 <5.1e+01 – <2.0e+00 –
SiO(2− 1) S3 4.7e+01 1.8e+01 2.3e+00 6.0e-01
SiO(2− 1) S4 <5.1e+01 – <1.6e+00 –
SiO(2− 1) S5 <5.1e+01 – <1.4e+00 –
HNC(1− 0) N1 4.3e+02 8.3e+00 1.9e+01 2.5e-01
HNC(1− 0) N2 5.1e+02 8.2e+00 2.8e+01 2.8e-01
HNC(1− 0) N3 7.4e+02 8.1e+00 3.5e+01 2.8e-01
HNC(1− 0) N4 4.0e+02 8.1e+00 1.1e+01 2.3e-01
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Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
HNC(1− 0) N5 3.5e+02 8.1e+00 9.0e+00 2.0e-01
HNC(1− 0) C1 1.4e+02 8.1e+00 1.5e+01 3.3e-01
HNC(1− 0) C2 7.5e+02 8.1e+00 3.0e+01 2.9e-01
HNC(1− 0) S1 2.0e+02 8.6e+00 9.1e+00 2.7e-01
HNC(1− 0) S2 2.2e+02 8.3e+00 9.8e+00 2.7e-01
HNC(1− 0) S3 4.5e+02 8.2e+00 2.5e+01 2.7e-01
HNC(1− 0) S4 2.7e+02 8.1e+00 8.3e+00 2.5e-01
HNC(1− 0) S5 2.2e+02 8.1e+00 5.8e+00 2.2e-01
N2H
+(1− 0) N1 2.4e+02 8.7e+00 1.0e+01 2.6e-01
N2H
+(1− 0) N2 1.6e+02 8.6e+00 8.0e+00 3.0e-01
N2H
+(1− 0) N3 2.0e+02 8.6e+00 7.3e+00 3.0e-01
N2H
+(1− 0) N4 9.6e+01 8.6e+00 2.6e+00 2.4e-01
N2H
+(1− 0) N5 1.5e+02 8.6e+00 3.4e+00 2.1e-01
N2H
+(1− 0) C1 3.3e+01 8.6e+00 2.3e+00 3.5e-01
N2H
+(1− 0) C2 1.8e+02 8.6e+00 6.6e+00 3.1e-01
N2H
+(1− 0) S1 1.1e+02 9.1e+00 4.5e+00 2.9e-01
N2H
+(1− 0) S2 1.1e+02 8.7e+00 4.8e+00 2.9e-01
N2H
+(1− 0) S3 2.3e+02 8.6e+00 1.2e+01 2.9e-01
N2H
+(1− 0) S4 1.4e+02 8.6e+00 4.0e+00 2.7e-01
N2H
+(1− 0) S5 7.4e+01 8.6e+00 1.7e+00 2.3e-01
N2H
+(3− 2) N1 7.1e+01 5.1e+00 4.2e+00 1.5e-01
N2H
+(3− 2) N2 6.7e+01 4.2e+00 3.5e+00 1.4e-01
N2H
+(3− 2) N3 7.9e+01 3.8e+00 2.7e+00 1.3e-01
N2H
+(3− 2) N4 4.4e+01 3.5e+00 1.2e+00 9.8e-02
N2H
+(3− 2) N5 5.6e+01 3.6e+00 1.0e+00 8.7e-02
N2H
+(3− 2) C1 1.3e+01 3.4e+00 9.4e-01 1.4e-01
N2H
+(3− 2) C2 1.0e+02 3.4e+00 2.9e+00 1.2e-01
N2H
+(3− 2) S1 6.3e+01 1.0e+01 4.6e+00 3.2e-01
N2H
+(3− 2) S2 2.9e+01 5.2e+00 1.5e+00 1.7e-01
N2H
+(3− 2) S3 7.7e+01 3.9e+00 3.9e+00 1.3e-01
N2H
+(3− 2) S4 4.0e+01 3.7e+00 9.5e-01 1.1e-01
N2H
+(3− 2) S5 1.5e+01 3.8e+00 2.9e-01 1.0e-01
CH3OH(2k − 1k) N1 5.8e+02 6.8e+00 2.4e+01 2.0e-01
CH3OH(2k − 1k) N2 2.5e+02 6.7e+00 1.1e+01 2.3e-01
CH3OH(2k − 1k) N3 1.9e+02 6.7e+00 8.0e+00 2.3e-01
CH3OH(2k − 1k) N4 5.0e+01 6.7e+00 8.0e-01 1.9e-01
CH3OH(2k − 1k) N5 9.1e+01 6.7e+00 1.9e+00 1.6e-01
CH3OH(2k − 1k) C1 2.2e+01 6.7e+00 1.7e+00 2.7e-01
CH3OH(2k − 1k) C2 1.7e+02 6.7e+00 5.4e+00 2.4e-01
CH3OH(2k − 1k) S1 1.8e+02 7.1e+00 9.6e+00 2.3e-01
CH3OH(2k − 1k) S2 2.7e+02 6.8e+00 1.1e+01 2.3e-01
CH3OH(2k − 1k) S3 3.1e+02 6.7e+00 1.7e+01 2.2e-01
CH3OH(2k − 1k) S4 1.3e+02 6.7e+00 3.7e+00 2.1e-01
CH3OH(2k − 1k) S5 5.4e+01 6.7e+00 1.3e+00 1.8e-01
CH3OH(5k − 4k) N1 1.2e+02 2.5e+00 1.0e+01 1.4e-01
CH3OH(5k − 4k) N2 9.4e+01 2.5e+00 8.5e+00 1.5e-01
CH3OH(5k − 4k) N3 5.8e+01 2.4e+00 5.0e+00 1.4e-01
CH3OH(5k − 4k) N4 1.9e+01 2.0e+00 2.6e-01 1.1e-01
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Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
CH3OH(5k − 4k) N5 2.2e+01 2.0e+00 6.3e-01 1.0e-01
CH3OH(5k − 4k) C1 1.5e+01 2.0e+00 1.4e+00 1.2e-01
CH3OH(5k − 4k) C2 7.7e+01 2.0e+00 4.1e+00 1.2e-01
CH3OH(5k − 4k) S1 5.7e+01 3.2e+00 5.8e+00 1.8e-01
CH3OH(5k − 4k) S2 4.6e+01 2.3e+00 2.7e+00 1.3e-01
CH3OH(5k − 4k) S3 8.0e+01 2.2e+00 6.4e+00 1.3e-01
CH3OH(5k − 4k) S4 1.8e+01 2.2e+00 6.2e-01 1.2e-01
CH3OH(5k − 4k) S5 <5.8e+00 – <3.2e-01 –
HC3N(10− 9) N1 1.2e+02 7.2e+00 4.4e+00 2.1e-01
HC3N(10− 9) N2 1.2e+02 7.1e+00 3.9e+00 2.5e-01
HC3N(10− 9) N3 1.1e+02 7.1e+00 3.3e+00 2.4e-01
HC3N(10− 9) N4 4.6e+01 7.0e+00 1.1e+00 2.0e-01
HC3N(10− 9) N5 3.8e+01 7.0e+00 6.2e-01 1.7e-01
HC3N(10− 9) C1 1.5e+01 7.0e+00 9.9e-01 2.9e-01
HC3N(10− 9) C2 1.5e+02 7.0e+00 4.3e+00 2.5e-01
HC3N(10− 9) S1 3.9e+01 7.5e+00 1.4e+00 2.4e-01
HC3N(10− 9) S2 3.1e+01 7.2e+00 1.1e+00 2.4e-01
HC3N(10− 9) S3 8.9e+01 7.1e+00 3.6e+00 2.3e-01
HC3N(10− 9) S4 <2.1e+01 – <6.6e-01 –
HC3N(10− 9) S5 <2.1e+01 – <5.6e-01 –
HC3N(12− 11) N1 6.0e+01 6.5e+00 2.3e+00 1.9e-01
HC3N(12− 11) N2 8.7e+01 6.4e+00 3.2e+00 2.2e-01
HC3N(12− 11) N3 7.9e+01 6.3e+00 2.9e+00 2.2e-01
HC3N(12− 11) N4 4.5e+01 6.3e+00 9.1e-01 1.8e-01
HC3N(12− 11) N5 1.7e+01 6.3e+00 6.0e-01 1.5e-01
HC3N(12− 11) C1 2.3e+01 6.3e+00 1.2e+00 2.6e-01
HC3N(12− 11) C2 1.2e+02 6.3e+00 3.1e+00 2.3e-01
HC3N(12− 11) S1 2.1e+01 6.9e+00 1.1e+00 2.2e-01
HC3N(12− 11) S2 <1.9e+01 – <6.5e-01 –
HC3N(12− 11) S3 4.9e+01 6.3e+00 2.3e+00 2.1e-01
HC3N(12− 11) S4 <1.9e+01 – <5.9e-01 –
HC3N(12− 11) S5 <1.9e+01 – <5.0e-01 –
CH3CN(5k − 4k) N1 4.2e+01 7.0e+00 1.8e+00 2.1e-01
CH3CN(5k − 4k) N2 3.5e+01 6.9e+00 2.0e+00 2.4e-01
CH3CN(5k − 4k) N3 4.6e+01 6.9e+00 1.8e+00 2.4e-01
CH3CN(5k − 4k) N4 <2.1e+01 – <5.8e-01 –
CH3CN(5k − 4k) N5 <2.1e+01 – <5.1e-01 –
CH3CN(5k − 4k) C1 2.1e+01 6.9e+00 9.7e-01 2.8e-01
CH3CN(5k − 4k) C2 5.2e+01 6.9e+00 2.5e+00 2.5e-01
CH3CN(5k − 4k) S1 <2.1e+01 – <6.9e-01 –
CH3CN(5k − 4k) S2 <2.1e+01 – <7.0e-01 –
CH3CN(5k − 4k) S3 3.3e+01 6.9e+00 2.0e+00 2.3e-01
CH3CN(5k − 4k) S4 1.8e+01 6.9e+00 7.0e-01 2.1e-01
CH3CN(5k − 4k) S5 <2.1e+01 – <5.5e-01 –
CH3CCH(6k − 5k) N1 3.6e+01 6.1e+00 1.4e+00 1.8e-01
CH3CCH(6k − 5k) N2 3.5e+01 6.1e+00 1.8e+00 2.1e-01
CH3CCH(6k − 5k) N3 7.6e+01 6.0e+00 3.0e+00 2.1e-01
CH3CCH(6k − 5k) N4 6.3e+01 6.0e+00 1.4e+00 1.7e-01
Table 7 continued
Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
CH3CCH(6k − 5k) N5 3.3e+01 6.0e+00 8.2e-01 1.5e-01
CH3CCH(6k − 5k) C1 <1.8e+01 – <7.4e-01 –
CH3CCH(6k − 5k) C2 1.8e+02 6.0e+00 6.3e+00 2.2e-01
CH3CCH(6k − 5k) S1 3.4e+01 6.5e+00 9.8e-01 2.1e-01
CH3CCH(6k − 5k) S2 <1.8e+01 – <6.1e-01 –
CH3CCH(6k − 5k) S3 4.9e+01 6.0e+00 1.8e+00 2.0e-01
CH3CCH(6k − 5k) S4 <1.8e+01 – <5.6e-01 –
CH3CCH(6k − 5k) S5 <1.8e+01 – <4.8e-01 –
CH3CCH(14k − 13k) N1 <1.1e+01 – <4.4e-01 –
CH3CCH(14k − 13k) N2 1.4e+01 4.9e+00 8.9e-01 1.7e-01
CH3CCH(14k − 13k) N3 3.6e+01 4.6e+00 1.9e+00 1.6e-01
CH3CCH(14k − 13k) N4 3.1e+01 3.8e+00 8.5e-01 1.1e-01
CH3CCH(14k − 13k) N5 1.2e+01 3.8e+00 2.8e-01 9.4e-02
CH3CCH(14k − 13k) C1 <1.1e+01 – <4.7e-01 –
CH3CCH(14k − 13k) C2 7.5e+01 4.0e+00 2.9e+00 1.4e-01
CH3CCH(14k − 13k) S1 <1.1e+01 – <5.9e-01 –
CH3CCH(14k − 13k) S2 <1.1e+01 – <4.5e-01 –
CH3CCH(14k − 13k) S3 <1.1e+01 – <4.3e-01 –
CH3CCH(14k − 13k) S4 <1.1e+01 – <4.0e-01 –
CH3CCH(14k − 13k) S5 <1.1e+01 – <3.2e-01 –
H2CO(30,3 − 20,2) N1 4.2e+01 6.9e+00 1.9e+00 2.1e-01
H2CO(30,3 − 20,2) N2 4.4e+01 6.9e+00 2.1e+00 2.4e-01
H2CO(30,3 − 20,2) N3 5.3e+01 6.5e+00 2.8e+00 2.2e-01
H2CO(30,3 − 20,2) N4 2.7e+01 5.5e+00 7.5e-01 1.6e-01
H2CO(30,3 − 20,2) N5 2.3e+01 5.5e+00 4.0e-01 1.4e-01
H2CO(30,3 − 20,2) C1 1.7e+01 5.5e+00 8.9e-01 2.3e-01
H2CO(30,3 − 20,2) C2 5.3e+01 5.7e+00 2.0e+00 2.1e-01
H2CO(30,3 − 20,2) S1 <1.6e+01 – <7.9e-01 –
H2CO(30,3 − 20,2) S2 <1.6e+01 – <6.4e-01 –
H2CO(30,3 − 20,2) S3 4.0e+01 6.1e+00 1.8e+00 2.0e-01
H2CO(30,3 − 20,2) S4 <1.6e+01 – <5.6e-01 –
H2CO(30,3 − 20,2) S5 <1.6e+01 – <4.6e-01 –
H2CO(31,2 − 21,1) N1 5.9e+01 4.4e+00 2.6e+00 1.3e-01
H2CO(31,2 − 21,1) N2 5.0e+01 4.4e+00 3.0e+00 1.5e-01
H2CO(31,2 − 21,1) N3 6.0e+01 4.1e+00 2.9e+00 1.4e-01
H2CO(31,2 − 21,1) N4 3.5e+01 3.4e+00 8.3e-01 9.8e-02
H2CO(31,2 − 21,1) N5 2.8e+01 3.4e+00 4.3e-01 8.4e-02
H2CO(31,2 − 21,1) C1 1.3e+01 3.4e+00 1.0e+00 1.4e-01
H2CO(31,2 − 21,1) C2 6.2e+01 3.5e+00 2.1e+00 1.3e-01
H2CO(31,2 − 21,1) S1 3.1e+01 5.5e+00 2.0e+00 1.7e-01
H2CO(31,2 − 21,1) S2 2.1e+01 4.1e+00 7.0e-01 1.3e-01
H2CO(31,2 − 21,1) S3 3.3e+01 3.8e+00 1.6e+00 1.3e-01
H2CO(31,2 − 21,1) S4 1.9e+01 3.8e+00 4.6e-01 1.2e-01
H2CO(31,2 − 21,1) S5 <1.0e+01 – <2.9e-01 –
H2CO(43,1 − 33,0) N1 3.4e+01 5.3e+00 2.2e+00 1.6e-01
H2CO(43,1 − 33,0) N2 3.5e+01 4.3e+00 1.7e+00 1.5e-01
H2CO(43,1 − 33,0) N3 5.3e+01 3.9e+00 1.9e+00 1.3e-01
H2CO(43,1 − 33,0) N4 2.2e+01 3.6e+00 4.5e-01 1.0e-01
Table 7 continued
Chemistry in the center of M83 31
Table 7 (continued)
Transition Position Ipeak ∆Ipeak I ∆V ∆(I ∆V)
(mK) (mK) (K km/s) (K km/s)
H2CO(43,1 − 33,0) N5 2.0e+01 3.7e+00 3.8e-01 8.9e-02
H2CO(43,1 − 33,0) C1 <1.0e+01 – <4.3e-01 –
H2CO(43,1 − 33,0) C2 5.1e+01 3.5e+00 1.6e+00 1.3e-01
H2CO(43,1 − 33,0) S1 4.7e+01 1.0e+01 4.2e+00 3.3e-01
H2CO(43,1 − 33,0) S2 1.7e+01 5.3e+00 9.9e-01 1.8e-01
H2CO(43,1 − 33,0) S3 3.6e+01 4.0e+00 1.5e+00 1.3e-01
H2CO(43,1 − 33,0) S4 <1.0e+01 – <3.5e-01 –
H2CO(43,1 − 33,0) S5 <1.0e+01 – <3.1e-01 –
HNCO(50,5 − 40,4) N1 2.2e+02 6.7e+00 8.8e+00 2.0e-01
HNCO(50,5 − 40,4) N2 1.5e+02 6.6e+00 5.2e+00 2.3e-01
HNCO(50,5 − 40,4) N3 9.3e+01 6.6e+00 3.0e+00 2.3e-01
HNCO(50,5 − 40,4) N4 2.3e+01 6.5e+00 5.1e-01 1.8e-01
HNCO(50,5 − 40,4) N5 3.8e+01 6.5e+00 7.3e-01 1.6e-01
HNCO(50,5 − 40,4) C1 <2.0e+01 – <8.1e-01 –
HNCO(50,5 − 40,4) C2 1.0e+02 6.5e+00 2.8e+00 2.4e-01
HNCO(50,5 − 40,4) S1 8.5e+01 7.2e+00 2.7e+00 2.3e-01
HNCO(50,5 − 40,4) S2 8.1e+01 6.7e+00 2.7e+00 2.2e-01
HNCO(50,5 − 40,4) S3 1.6e+02 6.6e+00 6.8e+00 2.2e-01
HNCO(50,5 − 40,4) S4 3.3e+01 6.5e+00 8.3e-01 2.0e-01
HNCO(50,5 − 40,4) S5 2.0e+01 6.6e+00 5.6e-01 1.7e-01
H41α N1 <2.1e+01 – <6.4e-01 –
H41α N2 2.1e+01 7.0e+00 8.2e-01 2.4e-01
H41α N3 2.9e+01 7.0e+00 1.7e+00 2.4e-01
H41α N4 <2.1e+01 – <5.9e-01 –
H41α N5 <2.1e+01 – <5.1e-01 –
H41α C1 <2.1e+01 – <8.6e-01 –
H41α C2 4.3e+01 6.9e+00 2.3e+00 2.5e-01
H41α S1 <2.1e+01 – <7.0e-01 –
H41α S2 <2.1e+01 – <7.0e-01 –
H41α S3 <2.1e+01 – <6.9e-01 –
H41α S4 <2.1e+01 – <6.5e-01 –
H41α S5 <2.1e+01 – <5.5e-01 –
